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Abstract 
 
A heterogeneous microstructure is intentionally developed in AA2024-T3 
aluminium alloy during solidification and thermomechanical processes to obtain good 
mechanical properties. As a consequence, the alloy is susceptible to localized 
corrosion, which is the major nucleus for onset of stress corrosion cracking and 
fatigue cracking. 
In this research, electron microscopy was employed to observe intermetallic 
particles and their periphery and monitor the initiation and development of 
intermetallic particle induced localized corrosion in AA2024-T3 aluminium alloy. In-
situ optical microscopy, energy dispersive X-ray spectroscopy (EDX), X-ray 
microtomography and atomic force microscopy were also used to provide supportive 
evidence. 
Intermetallic particles with different electrochemical natures and geometries 
were found. The main coarse intermetallic particles are identified as S (Al2CuMg), θ 
(Al2Cu) and α (Al-Cu-Fe-Mn-(Si)) phases. θ (Al2Cu) and α (Al-Cu-Fe-Mn-(Si)) 
phases showed a relatively inert nature compared with S-phase particles. It was 
observed that continuous localized corrosion is associated with large clusters of S-
phase and θ-phase intermetallic particles that are buried beneath surface but connected 
to the alloy surface. Propagating away from the intermetallic particles, corrosion 
developed preferentially along selected grain boundaries.  
Electron backscatter diffraction (EBSD) was employed to further investigate the 
relationship between the grain structure and the intergranular corrosion susceptibility. 
It was revealed that intergranular attack occurred at the grain boundaries that surround 
grains of relatively high stored energy. Corrosion was not confined within the region 
immediately adjacent to the grain boundaries, but had developed into the grains of 
relatively high stored energy, suggesting that grains with relatively high levels of 
defects are more susceptible to corrosion. 
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Chapter 1 Introduction 
 
AA2024-T3 aluminium alloy has been extensively used as structural material due to 
its high strength and damage-tolerance. However, addition of alloying elements such 
copper, magnesium, and silicon results in poor corrosion resistance of the alloy [1]. 
Different anti-corrosion methods including anodizing, conversion coating, sol-gel 
coating, etc. have been adopted but basic corrosion issues still draw great concern. 
 
First, continuous and discontinuous localized corrosion. They are classified in terms 
of time duration. Although less common, continuous corrosion has great impact on 
the application of engineering components by introducing significant reduction in 
their cross-sections. Microstructure that leads to such event is not clear. While with 
discontinuous corrosion we are looking for typical microstructures, with continuous 
corrosion we need to look at exceptional microstructures. Second, intergranular 
corrosion is found in the AA2024-T3 aluminium alloy. It is unanswered that, if there 
is any relationship between grain boundary attack, intermetallic particle dissolution 
and establishment of continuous localized corrosion; if there is a way other than 
microgalvanic coupling to explain the susceptibility of the alloy to intergranular 
corrosion. Third, better understanding of the microstructure of AA2024-T3 
aluminium alloy is needed in order to interpret the phenomena mentioned above. 
Clustering between intermetallic phases, distribution of grain boundary precipitates, 
and grain stored energy are among the issues which are less documented in literature. 
 
In this thesis, Chapter 2 is a review of literature regarding aluminium alloys and 
related corrosion behaviour. Chapter 3 presents the experimental methods employed 
in the present study. Microstructural characterization of the alloy is addressed in 
Chapter 4. Constituent intermetallic particles, grain boundary precipitates and grain 
stored energy are studied by means of scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy 
(EDX) and electron backscatter diffraction (EBSD). Intermetallic particle induced 
corrosion is discussed in Chapter 5. Dissolution of single and clustered intermetallic 
particles is investigated using combination of ultramicrotomy and TEM. Chapter 6 is 
focused on the microstructural criteria of continuous and discontinuous localized 
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corrosion. Better understanding is achieved on how a continuous localized corrosion 
event is nucleated and how the development is supported by intergranular corrosion. 
Chapter 7 states the susceptibility of AA2024-T3 alloy to intergranular corrosion. The 
preferentially corrosion of grain boundary is explained from two aspects, i.e. galvanic 
coupling between grain boundary precipitates and their periphery matrix, and non-
uniform distribution of grain stored energy. Finally, the findings are summarized in 
Chapter 8. 
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Chapter 2 Literature Review 
 
The corrosion property of materials is greatly influenced by their microstructures. The 
first part of the literature survey discusses the microstructural heterogeneities that are 
present in aluminium alloys, especially in AA2024-T3 aluminium alloy. Distribution 
of intermetallic particles is given major consideration. Aluminium alloy processing 
and heat-treatment are summarized as well. The second part addresses corrosion 
behaviour of aluminium alloys including pitting initiation and propagation, reaction of 
intermetallic particles, stable localized corrosion and intergranular corrosion. 
 
2.1 Aluminium alloys 
2.1.1 Physical metallurgy of aluminium and aluminium alloys 
 
Reactive aluminium develops an aluminium oxide film that is stable in neutral 
aqueous solution (pH=4-9). The film protects aluminium substrate from further 
corrosion. Also, aluminium has favourable properties such as colourless appearance, 
nontoxic corrosion products, high electrical and thermal conductivity, high reflectivity, 
and high strength-weight ratio. Pure aluminium is often too soft for engineering 
application but mechanical properties can be improved by adding alloying elements. 
Generally, aluminium alloys can be classified into two groups based on processing 
procedure: wrought aluminium alloy and cast aluminium alloy, with the former 
claiming more than 85% of aluminium usage [2]. 
 
Wrought aluminium alloy is further classified into two groups based on heat-
treatability. Heat-treatable aluminium alloys can be hardened by a controlled heating 
and cooling procedure. Some alloys, usually in the 2xxx, 6xxx, and 7xxx series, are 
solution heat treatable, and they are strengthened by quenching or rapid cooling, and 
aging. They may be further strengthened by cold working, i.e. controlled deformation 
at room temperature. For non-heat-treatable aluminium alloys, usually in AA1xxx, 
3xxx, 4xxx, and 5xxx series, the initial strength is provided by the hardening effect of 
their alloying elements. Additional strengthening can be achieved by cold working 
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instead of heat-treatment. Similarly, cast alloys are classified into heat-treatable and 
non-heat-treatable alloys as well. 
 
In the production of heat-treatable wrought aluminium alloy [2], the first step is 
melting and casting to produce cast ingots using virgin aluminium, scrap, alloying 
addition and grain refiners. Large intermetallic particles are generated in this step. The 
second step is to homogenize the cast ingot before further mechanical deformation is 
applied. This treatment has the following objectives: 1. reduction of the effects of 
microsegregation; 2. removal of non-equilibrium, low melting point eutectics that 
may cause cracking during subsequent working; 3. controlled precipitation of excess 
concentrations of elements that are dissolved during solidification. In this step, a 
number of dispersoids precipitate from the alloy matrix in a medium size and will not 
disappear during heat-treatment. The next step is hot-rolling, extrusion, etc. All the 
microstructural features, such as grain size, shape, orientation, intermetallic 
distribution, etc. will change in this step. In particular, large second-phase particles 
will fracture and become aligned in the direction of working or metal flow. The last 
and most important step for heat-treatable alloy to gain its mechanical strength is 
thermal treatment, with solution treatment, quenching and aging as its three stages. 
Different types of hardening precipitates, together with their precursors, will help the 
alloy develop a desired balance of mechanical properties required for consistent 
service performance. 
 
2.1.2 Microstructure of AA2xxx aluminium alloys 
(1) Coarse intermetallic compounds 
 
Alloying and impurity elements are induced during alloy casting. Coarse intermetallic 
compounds (often termed as constituent particles) form interdendritically by eutectic 
decomposition during ingot solidification [3]. Insoluble intermetallic compounds 
usually contain impurity elements iron or silicon, such as Al6(Fe,Mn), Al3Fe, α-
Al(Fe,Mn,Si) and Al7Cu2Fe. Soluble intermetallic compounds are equilibrium 
intermetallic compounds of major alloying elements. Typical examples are Al2Cu, 
Al2CuMg, and Mg2Si. Both types of particles form as lacy networks surrounding the 
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cast grains. One purpose of preheating or ingot homogenization is to dissolve the 
soluble constituents. During subsequent fabrication of the cast ingots, the remaining 
particles usually fracture and become aligned in the direction of metal flow. The main 
second-phases present in commercial aluminium alloys are listed in Table 2.1. 
 
Table 2.1 Typical second-phase particles in common aluminium alloys [4] 
Number Second-phase particles 
AA1xxx Al3Fe, Al6Fe, Al12SiFe3 or Al9si2Fe2 
AA2xxx Al2Cu, Mg2Si, Al12Si(Mn,Fe), Al2CuMg, Al3(Mn,Fe), Al6(Mn,Fe) 
AA3xxx Al6(Mn,Fe), Al12Si(Mn,Fe)3 
AA4xxx Si, Al9Si2Fe2 
AA5xxx Mg2Si, α-Al(Mn,Fe)Si, Al6Mn 
AA6xxx Mg2Si, Al12SiFe, Al9Si2Fe2, Al12Si(Fe,Mn,Cr)3, Si 
AA7xxx Mg2Si, Mg2Zn, Al12Si(Fe,Cr)3, Al2CuMg 
 
Buchheit and co-workers [5] suggested that in AA2024-T3 aluminium alloy 
approximately 60% of intermetallic particles with dimension greater than 0.7 µm is S-
phase (Al2CuMg), with their fraction corresponding to 2.7% of the total surface area. 
Another group of intermetallic particles are Al-Cu-Mn-Fe-containing, with a range of 
compositions including Al7CuFe2, Al6MnFe2, (Al,Cu)6Mn, and a number of 
undetermined compositions in the class Al6(Cu,Fe,Mn). Normally, they are irregularly 
shaped, exhibiting a very noble potential with respect to aluminium matrix and S-
phase particles. Gao et al. [6] suggested compositions in AA2024-T3 based upon 
(Al,Cu)x(Fe,Mn)ySi such as modified forms of Al8Fe2Si or Al10Fe2Si type 
intermetallic particles. 
 
Hughes et al. [7, 8] employed a state-of-art electron microprobe to map a surface area 
covering nearly 18,000 particles at a step size of 400 nm in AA2024-T3 alloy. They 
reported a minimum of nine separate compositions including the matrix and at least 
one periphery zone around S-phase / θ-phase composite particles different in 
composition to both the matrix and the S-phase / θ-phase composite particles. The S-
phase / θ-phase composite particles are an intermetallic particle region that can be 
subdivided into smaller domains of S-phase and θ-phase. For the cathodic particles, 
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most contained Si suggesting compositions similar to Gao et al [6]. There was only 
one composition amongst the cathodic particles that had no Si and was this 
composition was assigned Al6(CuFeMn). Similar to the composite particles reported 
by Hughes et al. [7, 8], shell-shaped particles were found by Campestrini and co-
workers in AA2024 alloy after long quench delay time [9]. These particles exhibited 
differences in chemical composition between the core and the outer region. The bulk 
of the shell-shaped particle contains the same elements as irregular shaped Al-Cu-Mn-
Fe-(Si) particles. The shell is mainly of aluminium, copper and magnesium. 
 
In the present study, Al-Cu-Fe-Mn-(Si)-containing intermetallic particles are 
generally termed as α-phase particles. 
(2) Dispersoid 
 
Smaller submicron particles or dispersoids (typically 0.05-0.5 µm) form during 
homogenization of the ingots by solid state precipitation. The intermetallic 
compounds contain elements of modest solubility and slow diffusion rate in solid 
aluminium. One or more transition metals are usually involved, for example, 
Al20Mn3Cu, Al12Mg2Cr and Al3Zr. Once formed, these particles resist dissolution and 
coarsening. They serve to retard recrystallization and grain growth during processing 
and heat treatment of the alloys. Moreover, they exert an important influence on 
certain mechanical properties through their effects on the response of some alloys to 
aging treatments [3]. 
 
Guillaumin and Mankowski found that dispersoid distribution is homogeneous in the 
matrix except for the periphery of Al2CuMg particles in AA2024-T3 aluminium alloy 
[10]. The coarse intermetallic particles are surrounded by an Al20Mn3Cu2 dispersoid-
free zone. In fact, S-phase particles are rich in copper, their formation leads to a 
preferential depletion of copper in the matrix around them. Dispersoids are also 
copper-containing intermetallic compound. So the depletion of the matrix surrounding 
the S-phase particles is not favourable for precipitation of dispersoids. 
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(3) Precipitates 
 
Fine precipitates (up to 0.1 µm) form during age-hardening [11]. In case of Al-Cu-Mg 
alloys, S-phase (Al2CuMg) precipitate formation is a well-studied subject due to its 
importance for strengthening of AA2XXX and newly developed Cu modified 
AA6XXX aluminium alloys. S-phase has an orthorhombic crystal structure (lattice 
parameters a=0.400 nm, b=0.925 nm, c=0.714 nm, space group Cmcm [12]). During 
precipitation from solid solution, S-phase preferentially nucleates on dislocations and 
dislocation loops in agglomerate form. A number of metastable phases have been 
proposed to form in sequence, including solute clusters, GPB & GPB-II zones, S” and 
S‟ phase. The formation of GPB zone is debated in literature. One accepted theory is 
that Al-Cu-Mg alloys (over a wide range of Cu contents) decompose into rod like 
GPB zones [13]. But in Al-Mg-Cu systems, GPB zones are indistinctly bounded 
compositional modulations in the solid solution, possibly consisting of alternation 
layers of Cu and Mg. Upon further aging, precipitates grow to lath-shaped GPB-II 
zones about 1 nm thick, 2-4 nm wide and 6-8 nm in length [14, 15]. Finally, S-phase 
forms as individual nano-scale particles with homogeneous distribution in the matrix.  
 
2.2 Corrosion behaviour of aluminium alloys 
2.2.1 Corrosion of pure aluminium 
 
From a thermodynamical viewpoint, aluminium is active. However, in oxygen 
containing environment (air, water), aluminium is rapidly covered with a dense oxide 
layer [16]. This can be understood from Pourbaix diagrams, which are derived by 
examining and collating metal/water equilibriums, and display the information on a 
potential/pH diagram. The construction is based on calculations utilizing the Nernst 
equation together with solubility data. The following equilibriums are used for the 
aluminium water system [17, 18]. 
 
Al
3+
+2H2O↔AlO2
-
+4H
+                         
(1) 
2Al+6H2O↔Al2O3∙3H2O+6H
+
+6e                       (2) 
2Al
3+
+6H2O↔Al2O3∙3H2O+6H
+
                          (3) 
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Al2O3∙3H2O↔AlO2
-
+2H
+
+2H2O                      (4) 
Al↔Al3++3e                                                       (5) 
Al+3H2O↔AlO2
-
+4H
+
+3e                              (6) 
 
The potential-pH diagram is shown in Figure 2.1. The dashed line 1 in the Figure 
represent equilibrium (1), defining the region of the relative predominance of 
dissolved species (Al
3+
 and AlO2
-
). In the region to the left of the diagram, Al
3+
 is the 
predominant ion, whereas at high pH, AlO2
-
 stability dominates. Equation (2) was 
used to represent the equilibrium between aluminium and its oxide Al2O3∙3H2O. 
Gibbsite, Al2O3∙3H2O, was considered to be the stable oxide of aluminium [17]. In 
aqueous environments, Al
3+
 ions and water can react by reaction (3) to form a stable 
thin layer of Al2O3∙3H2O over the macroscopic metal surface. In alkaline 
environments, i.e. pH greater than 9, Gibbsite dissolves to form AlO2
-
 ions as the 
solution reaction produces (4). From Figure 2.1, it is evident that aluminium is a very 
base metal. In the presence of sufficiently acid solutions (pH<4), it decomposes water 
with the evolution of hydrogen, dissolving as trivalent Al
3+
 ions (reaction 5). In the 
presence of sufficiently alkaline solutions (pH>9), aluminium dissolves as aluminate 
ions, AlO2
-
 (reaction 6). 
 
In non-complexing solutions of pH between 4 and 9, aluminium is covered with a 
film of oxide. As indicated by Pourbaix [18], Al2O3∙3H2O is thermodynamically 
unstable in both acid and alkaline solutions. 
 
The aluminium-water diagram can be divided into zones of corrosion, passivity and 
immunity, as shown in Figure 2.2. In the zone of corrosion, aluminium is oxidised to 
Al
3+
 or AlO2
-
 ions, which form soluble species. In the zone of passivity, aluminium is 
converted to Al2O3∙3H2O, an insoluble compound, forming a barrier layer on the 
aluminium surface, which reduces the corrosion rate due to the poor ionic and 
electronic conductivity of the oxide. The thickness of the layer may vary as a function 
of temperature, environment and alloy elements. Oxide films formed in air at room 
temperature are 2-3 nm thick on pure aluminium. Heating to 425°C may form films 
up to 20 nm [19]. If the oxide film is damaged, e.g. by a scratch, new oxide will 
immediately form on the bare metal [20]. 
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2.2.2 Destabilisation of surface oxide film 
 
Alloying and impurity elements are induced in aluminium alloy during casting 
process. The elements may be present as solid solutions with aluminium. In general, 
solid solution is the most corrosion resistant form in which an alloy may exist [3]. 
Magnesium dissolved in aluminium renders it more anodic but dilute Al-Mg alloys 
retains relatively high resistance to corrosion. Chromium, silicon and zinc in solid 
solution in aluminium have only minor effects on corrosion resistance although zinc 
does cause a significant increase in the electrode potential. Copper reduces the 
corrosion resistance of aluminium more than any other alloying elements. However, 
when added in small amounts (0.05-0.2%), corrosion of Al-Cu alloys tend to be 
general [3]. Perforation by pitting is retarded in such alloy although the overall weight 
loss is great under corrosive conditions. Nonetheless, certain elements in the solid 
solution (Ga, Tl, In, Sn, Pb) are incorporated in the surface oxide and destabilise it 
[21]. 
 
Alternatively, alloying and impurity elements form different sized micro-constituents, 
such as impurity segregates and precipitates, comprised of a single element (e.g. 
silicon), or a compound between two or more elements (e.g. Mg2Si, Al2CuMg). They 
lead to the generation of residual flaws in the surface films [22]. A flaw increases the 
localized conduction through the air-formed film [23], acting as a site for preferential 
attack. Then localized corrosion arises there.  
 
Accelerated failure of the surface protective layer due to the presence of aggressive 
aions (chlorides, fluorides, etc.) is termed as oxide destabilisation [21]. Szklarska-
Smialowska reported that the aluminium passive films are weakened at potentials 
much lower than the pitting potential (Ppitting) in chloride solutions [24]. Observed 
phenomena include increase of current in the passive state and decrease of electrical 
resistance of the passive film at the potential several hundred milivolts below Ppitting. 
In contrast, no decrease of film resistance occurs in a sulphate solution. It is supposed 
that Cl
-
 ions adsorbed in the outer layer of the film increase space charge. McCafferty 
proposed an electrode kinetic model which takes into account adsorption of chloride 
ions on the oxide surface, penetration of chloride ions through the oxide film, and 
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localized dissolution of aluminium at the metal/oxide interface in consecutive one-
electron transfer reactions [25]. Penetration of chloride ions can occur by oxide film 
dissolution as well as by migration through oxygen vacancies. It is assumed that the 
aluminium oxide film is not an effective obstacle for penetration of chloride ions and 
water to the metal surface. 
 
Governed by the dissolution rate of the passivation film, the corrosion rate of 
aluminium in passive state is usually of the order of 10
-13 
ms
-1
 (equivalent to a current 
density, jpas, of the order of 10
-2
 Am
-2
) [26]. In the presence of certain aggressive 
anions (e.g. F
-
, Cl
-
), localized sites develop on the passive surface where passivity 
breaks down (Figure 2.4) [27], as illustrated in Figure 2.4. Dissolution of metal is 
accelerated. The reaction rate at those points can be up to six orders of magnitude 
higher than the rate observed for a passive surface. Typical corrosion propagation 
rates in pits are of the order of 10
-7
 ms
-1
 (jpit≈10
4
 Am
-2
) [26]. 
 
2.2.3 Corrosion induced by constituent intermetallic particles 
 
AA2024-T3 aluminium alloy (Al-Cu-Mg) is widely known for its relatively poor 
corrosion resistance. Recent research has shown that its corrosion susceptibility is 
greatly due to the heterogeneous distribution of copper in the alloy, specifically, in the 
form of copper-rich second-phase particles [28]. More than one type of intermetallic 
phase is contained in the commercial alloy. Local microgalvanic coupling between 
these inhomogeneities and aluminium matrix is established and essentially causes 
localized attack [21, 29-33]. 
 
(1) Al-Cu-Fe-Mn-(Si) particle 
 
Several types of second-phase particles and their electrochemical natures are listed in 
Table 2.2. Iron, manganese and silicon are impurities and form compounds most of 
which are cathodic with respect to aluminium.  
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Table 2.2 Electrochemical behaviour of second-phase particles in deionized water and 
NaCl solution [34] 
 Cathodic Neutral Anodic 
Deionized 
water 
Al3Fe, α-Al(Mn,Fe)Si 
Al6Fe, Al6(MnFe), AlFeSi, 
Si, Al2Cu 
Mg2Si 
NaCl (0.1M) 
Al3Fe, α-Al(Mn,Fe)Si, 
AlFeSi, Si 
Al6Fe, Al6(MnFe) Mg2Si 
 
The formation of trench next to cathodic intermetallic particles has been well 
documented [35-42]. Frankel and co-workers [35, 36] investigated the 
electrochemical interactions between individual inclusions in AA2024-T3 by AFM. In 
their work, no attack was seen in a small exposed area that contained only Al-Cu-Fe-
Mn particle or only aluminium matrix. Accelerated matrix dissolution took place in an 
area containing a large area fraction of Al-Cu-Fe-Mn inclusion. So, noble Al-Cu-Fe-
Mn inclusions are proved to be active cathodic sites but, to drive pit initiation around 
them, the size and the location of the particles is critical. Both local anodes and 
cathodes were required for localized attack to occur. As cathodic sites, Al-Cu-Fe-Mn 
particles promote oxygen reduction and OH
-
 generation which consequently results in 
increased pH in the local environment. According to Birlilis and Buchheit [37], the 
electrochemical response of intermetallic phase is heavily dependent on the pH of the 
environment, and significantly more complex than the relative activity or nobility that 
may be indicated by the composition. In their research, Fe-rich intermetallic phase 
increase their cathodic efficiency as the pH increased to more alkaline values. So it 
can be predicted that Al-Cu-Fe-Mn particles become more cathodic after corrosion 
has taken place around these sites. 
 
Schneider and co-workers carried out in-situ observation of AA2024 alloy during 
corrosion testing using confocal laser scanning microscopy [38]. It is found that the 
propensity to promote trenching in matrix is not the same for Al-Cu particles and Al-
Cu-Mn-Fe particles although they are both cathodic to matrix. Al-Cu particles are 
more susceptible to trenching than Al-Cu-Mn-Fe paticles in solutions of low chloride 
content. At high Cl
-
 concentrations, Al-Cu-Mn-Fe particles can also trench. Two 
models were discussed to explain the mechanism of trenching. The alkaline model 
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ascribes the trenching completely to the effects of local pH increase and is unable to 
rationalize the dependence of trenching on particle type and the effect of chloride ion 
content on trenching rate. In contrast, the anodically driven model can rationalize the 
observations in terms of the degree of Cu depletion around the intermetallic particles 
and the subsequent lowering of the pitting potential of the material closest to the 
particle/matrix interface. The latter model is supported by Buchler and Smyrl‟s works 
[39-41]. They monitored the initiation of those localized corrosion sites that are 
related to cathodic intermetallic particles in AA2024 and AA6061 using fluorescence 
microscopy. It is addressed that oxygen reduction on the cathodic sites mainly 
supports active anodic dissolution in nearby area, however, the reduction reaction also 
causes certain anodic dissolution in the adjacent matrix of cathodic phases as a side 
effect. This leads to trenching. The net current at the cathodic sites (the particle region 
and its trenched periphery) is cathodic. 
 
Al-Cu-Fe-Mn-(Si) particle is also related to lateral heterogeneities on alloy surface as 
investigated by Scanning Kelvin probe microscopy. Such technique has been used 
since 1990s to perform Volta potential mapping on aluminium alloy. Schmutz and 
Frankel‟s work [35] showed that the noble Volta potentials obtained for Al-Cu-
(Fe,Mn) particles are in good agreement with values measured in solution. Lateral 
gradients in Volta potential are detected in some of these intermetallic particles. The 
authors suggest that the inhomogeneities had strong implications in the localized 
attack that can occur on and around the particles upon immersion in corrosive 
environment. Consistently, Campestrini and co-workers‟ results showed that shell-
shaped particles were present in AA2024 alloy with long quench delay time [9]. They 
were characterized by difference in chemical composition between the core and the 
shell. The shell-shaped particles exhibit a large difference in surface potential between 
the core and the shell, which results in severe galvanic coupling. The formation of the 
coupling weakens the natural oxide film of the aluminium alloy and reduces its ability 
to repair when attacked. This explains the localized corrosion induced by 
inhomogeneous shell-shaped particles. 
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(2) S-phase particle 
 
S-phase intermetallic particles play an important role in the corrosion of AA2024 
aluminium alloy [5, 10, 35, 36, 43-47]. According to Blanc and co-workers [43], the 
corrosion behaviour of AA2024 alloy in sulphate solutions (Cl
-
 free) was significantly 
influenced by Al-Cu-Mg coarse particles in the cathodic range during electrochemical 
polarization. In the anodic range, the alloy‟s electrochemical behaviour is similar to 
that of its matrix. However, in the presence of chlorine ions, the pitting susceptibility 
of AA2024 alloy was simply related to Al-Cu-Mg coarse particles. The author 
ascribed the difference between alloy matrix and Al-Cu-Mg particle in the 
electrochemical behaviour to the chemical composition of the passive films grown on 
their surfaces. 
 
S-phase intermetallic compound is described to actively undergo severe magnesium 
dealloying in Buchheit and co-workers‟ work [5]. Dealloying, also called selective 
leaching, is the removal of one element from a solid ally by corrosion processes [48]. 
Dealloying of S-phase led to the formation of Cu-rich remnant. Some of the remnant 
particles remained largely intact and others decomposed into 10 to 100 nm Cu clusters. 
They clusters became detached form the alloy surface and were dispersed by 
mechanical action of growing corrosion product or solution movement. This 
observation suggests that nonfaradaic liberation of Cu from corroding AA2024 alloy 
surface is possible. It provides one plausible explanation for how Cu can be 
redistributed across the surface by a pitting process which occurs at potentials that are 
hundreds of millivolts negative to the reduction potential for Cu. Zhu and van Oojj 
[45] reported that S-phase particles were dealloyed of both magnesium and aluminium. 
The phenomenon was most severe during the first 3.5 hours of immersion in a neutral 
0.6 M NaCl solution. Leblanc and Frankel [36] found that pitting of AA2024 alloy 
originated at Al2CuMg particles during corrosion testing in NaCl solutions under 
open-circuit condition. Large exposed areas (>1 cm
2
) were checked in their study. 
Large Al2CuMg particles corroded even without the presence of local cathodes such 
as Al-Cu-Fe-Mn particles, leaving behind a high potential Cu-rich remnant. 
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Pitting is induced in the periphery of S-phase particles [5, 10, 36, 44-46, 49-51]. 
Guillaumin and Mankowski [10] suggested that a copper-depleted, dispersoid-free 
zone is present at the periphery of S-phase particles. The particles are ennobled by 
dealloying. Dealloyed S-phase and bulk alloy matrix are both cathodic in comparison 
with the copper-depleted zone. The preferential dissolution of the matrix surrounding 
S-phase particles is assumed to be caused by the existence of galvanic coupling 
between, the copper-depleted zone and the matrix, and the copper-depleted zone and 
Al2CuMg particles. Boag and co-workers [49] reported that initially the S-phase 
particles corrode very quickly by dealloying and this process is completed after 5 min. 
The end result of this process over the first 5 min is that the S-phase particles are 
replaced with a Cu-rich remnant. Afterwards, trenching developed around the Cu-rich 
remnant, indicating that these sites act as active cathodes for some time after 
conversion. 
 
Alternative explanation was also proposed by Zhu and van Oojj [45]. According to 
their work, corrosion starts with dealloying of anodic S-phase particles in AA2024-T3 
alloy. In a neutral environment, the corresponding anodic and cathodic reactions are 
given by 
 
(1) Anodic reaction: Mg=Mg
2+
+2e (dealloying of Mg) 
(2) Anodic reaction: Al=Al
3+
+3e (dealloying of Al) 
 
And, 
 
(3) Cathodic reaction: 2H2O+ 2e=H2↑+2OH
-
 (water reduction) 
(4) Cathodic reaction: O2+2H2O+4e=4OH
-
 (oxygen reduction) 
 
The above anodic reactions occur at the surface of the S-phase particles. The 
accompanying cathodic reactions are most likely to take place on the aluminium 
matrix at the periphery of the S-phase particles. Along with the S-phase dealloying, 
the coupled cathodic reactions (3) and (4) would generate hydroxyl ions (OH
-
) by 
reducing water and / or oxygen molecules. Accordingly, a local alkalization is formed 
around the S-phase remnant in a stagnant solution. The rate of water reduction and the 
amount of OH
-
 ions is obviously determined by the rates and the extent of the anodic 
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reactions (1) and (2). Once the local pH exceeds 9 (i.e., the equilibrium pH of 
aluminium oxide), the surrounding aluminium oxide layer on the aluminium matrix 
would no longer survive and would dissolve according to 
 
(5) Al2O3+2OH
-↔ 2AlO2
-
+H2O 
 
Simultaneously, the bare aluminium matrix underneath would be oxidized to form a 
new layer of aluminium oxide, releasing hydrogen gas by the reaction and leading to 
the formation of a trench in the periphery of S-phase particle, 
 
(6) 2Al+3H2O↔Al2O3+3H2↑ 
 
Apart from being selectively dissolved with micropits formed, Al2CuMg particles also 
exhibited inert behaviours. As Shao and co-workers [44] reported, a portion of S-
phase particles maintains fairly intact when the AA2024 alloy was immersed in NaCl 
solution. There was no evident corrosion either on the particle itself or on the matrix 
around the particle. Leblanc and Frankel‟s work with scanning Kelvin probe 
microscopy [35, 36] provided evidence of S-phase inclusions exhibiting a cathodic 
Volta potential with respect to matrix alloy. However, the local nobility of Al2CuMg 
particles was reversed after the alloy surface was refreshed by sputter-etching. The 
particles dissolved upon subsequent exposure to chloride solution, leaving behind a 
Cu-rich layer that exhibited high Volta potentials. 
 
2.2.4 Stable pitting 
(1) General information 
 
Pitting  is the most common form of localized attack that results in holes in the metal 
[48]. It may be considered as the intermediate stage between general overall corrosion 
and complete corrosion resistance [48], as shown diagrammatically in Figure 2.3. Pits 
usually grow in the direction of gravity. Most pits develop and grow downward form 
horizontal surfaces. An extended initiation period is required before visible pits 
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appear. This period depends on both specific metal and corrosive environment. Once 
started, however, a pit penetrates the metal at an ever-increasing rate [48].  
 
Pitting enters propagation phase after the localized corrosion is successfully nucleated 
on aluminium. Fontana and Greene describe it as an autocatalytic process [48]. That is, 
the corrosion process produces a condition which is both stimulating and necessary 
for the continuing activity of the pit. This is illustrated schematically in Figure 2.5. 
Rapid dissolution in the pit tends to produce an excess of positive charge. Chloride 
ions migrate into the pit to maintain electroneutrality. Consequently, there is a high 
concentration of MCl and a high concentration of hydrogen ions in the pit as a result 
of hydrolysis, 
 
M
+
Cl
-
 + H2O = MOH↓ + Cl
- 
+ H
+
 
 
Cl
- 
and H
+
 further stimulate the dissolution of the metals and the entire process 
accelerates with time. 
 
How aluminium is dissolved at a corrosion front is another aspect of pitting 
propagation. Baumgartner and Kaesche studied aluminium pitted in chloride, bromide 
and iodide solution. A conclusion was reached that pitting proceeds by extremely 
rapid propagation of microscopic crystallographic tunnels, with tunnel side walls 
being passive [52]. The propagation rate, averaged over the lifetime of a single 
tunnelling event, is ca 10 Acm
-2
. As the dissolution rate is excessively high, the 
presence of thin salt films on the active surface can hardly be disputed. Their further 
work [53] proved that gross pitting and overall surface roughening are two variants of 
the result of microtunnelling processes. Actually, if the propagation of single tunnels 
is not disturbed, pitted surfaces consist of crystallographic structures only. If, however, 
propagation is stopped and intermediate stages are preserved, vaulted boundaries 
additionally appear. 
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(2) Establishment of stable pitting 
 
Having discussed the corrosion mechanism in a stably growing pit, an important 
issued need to be addressed is that pitting is unstable during the initiation and early 
growth stage. Local high concentration of chloride and hydrogen ions may be swept 
away by stray convection currents in the solution since a shallow protective pit cavity 
does not exist. Thus, new pits have been observed to become inactive after short time 
of growth [48]. Szklarska-smialowska [24, 54] reported that fresh pit repassivates 
because the pit current (representing the alloy dissolution rate within the pit) is too 
low to sustain the aggressive solution (low pH). The product of current density and pit 
diameter (ir) should be higher than 10
-2
 A/cm to maintain a stably growing pitting 
event. 
 
Ilevbare and co-workers studied intermetallic particle induced pitting and trenching 
adjacent to the particles in AA2024 alloy by confocal laser scanning microscopy [46]. 
Corrosion within most S-phase particles was localized to the particle itself. 
Calculation of the product of dissolution rate and pit dimension (ir) showed that pit 
growth in the Al-Cu-Mg particle occurs at values of much lower that required for the 
aluminium matrix. Even after extensive growth under open-circuit conditions, the 
corrosion did not spread into the matrix. 
 
According to Boag, Hughes, Glenn and other co-workers [49, 55-60], high pitting 
current density can be obtained at a site where coupling of intermetallic particles is 
present. They carried out a series of works on in-situ observation of pitting events and 
investigated the underneath surface attack by cross-sectioning corrosion sites. 3 MeV 
H
+
 microscope was employed to conduct trace element and correlation mapping [61]. 
It has been shown that Al-Cu-Fe-Mn particles in conjunction with S-phase particles 
have a high correlation with onset of pitting corrosion. TEM fitted with EELS 
elemental mapping facilities was also used in their research. The mapping clearly 
showed that near the Cu-rich regions are where there are high levels of oxygen 
associated with oxide. The location of these two areas suggests that Cu is a local 
cathode in the pit and oxide is where there is anodic dissolution of aluminium 
(Al→Al3++3e-). 
 
 34 
The key role of intermetallic particle cluster in triggering the formation of deep pits in 
is also confirmed by Wei and co-workers [6, 62-66]. They made a series of research 
on the microstructure of AA2024 and AA7074 aluminium alloys and the corrosion 
phenomena induced by microstructural heterogeneities. In their work on in-situ 
monitoring of pitting corrosion in AA2024 alloy [63], two types of corrosion events 
were found: general pitting occurs at isolated surface particles and severe pitting 
develops at subsurface particle clusters.  Particles in these clusters can gain access to 
the electrolyte through corrosion around the surface particles in the same cluster. 
Corrosion in aluminium matrix propagates from the bottom of an intermetallic 
particle cluster to another cluster buried in a deeper position. 
 
(3) Corrosion front environment 
 
In stable pitting, a salt film forms from the high concentration of Cl
-
 anions at the 
interface between corrosion front and aluminium matrix. This is one of the significant 
differences between stable and metastable pits [24]. Aggressive solution (H
+
 and Cl
-
) 
forms in both stable and metastable pitting. Such a high concentration of Cl
-
 and a low 
pH hamper aluminium from repassivation. In a continuously growing pit, a fast and 
deep growing cavity structure forms quickly before the corrosion front anolyte is 
swept off. A salt film maintains at the bottom of the pit. The quantitative 
compositional information of an active pit is less documented in the literature but 
researchers have analysed the chemical composition of similar occluded cells, e.g. 
filiform corrosion front. Szymanski and co-workers studied the elemental composition 
of filiforms using a nuclear microprobe with 3 MeV proton beams. The method 
provides a deep penetration and, therefore, allows the composition of the intact 
filiform to be probed in situ through the surface layers [67]. Consequently, the head of 
filiform was found rich in chloride ions and the oxide residue has a chloride 
concentration greater than 20%. 
 
The pH value of corrosion front electrolyte is difficult to measure. For pitting of pure 
aluminium in NaCl solution, McCafferty [25] predicted the value from calculation of 
hydrogen pressure within the blister. Blisters of hydrogen gas form beneath the oxide 
film due to the acidic environment. Pressure in the occluded cell subsequently causes 
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the rupture of these blisters. Calculation of the pressure of hydrogen gas within the 
blister gives local pH values in the range 0.85 to 2.3. This is reasonably below the 
stable pH range (4≤pH≤ 9) for aluminium hydroxide, Al2O3∙3H2O. 
 
(4) Shape of a stable localized corrosion site 
 
Pitting can propagate into the metal as a hemispherical cavity (e.g., aluminium in 
aqueous sodium nitrate solutions or iron-chromium-nickel austenitic stainless steels in 
aqueous sodium chloride solution); it can follow crystallographic places (e.g., 
aluminium or zirconium in aqueous sodium chloride solution), or it can spread along 
the passive surface (e.g., iron in aqueous sodium chloride solutions) [26, 68, 69]. 
Intermetallic particles also have an effect on morphological features of subsurface 
degradation [70, 71]. In terms of shape or width/depth ratio of corrosion affected 
region, the so called pits (they could be an integration of pits in aluminium matrix, 
dissolution of intermetallic particles and grain boundary attack) evolve from 
hemispherical or conical to irregular shape. But, generally, the pits are larger in width 
than in depth with slight tendency to irregular morphology. 
 
2.2.5 Intergranular corrosion 
(1) Effect of grain boundary structure on grain boundary attack 
 
Intergranular corrosion is defined as localized attack at and adjacent to grain 
boundaries, with relatively little corrosion of the grains [48]. At the interface and 
vicinity between two grains, the normal atoms lattice registry is disrupted. Atoms in 
this region are off their lowest energy positions. Gibbs free energy released by 
dissolution of such atoms is higher than dissolution of those in an undisturbed lattice.  
 
Grain boundaries can be classified into high angle grain boundaries and low angle 
grain boundaries, depending on the misorientation between two neighbouring grains 
[72]. Low angle boundaries can be considered to be composed of arrays of 
dislocations. Their structure and properties vary significantly as a function of 
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misorientation angle. Read-Shockley equation is used to characterize the energy of 
low angel grain boundary: 
γs = γ0 θ (A – ln θ) 
where θ = b/h, γ0 = Gb/4 π(1-ν), A = 1 + ln (b/2 πr0), G is the shear modulus, ν is 
Poisson's ratio, and r0 is the radius of the dislocation core.  The stored energy of low 
angle grain boundary increases as misorientation increases but normally is lower than 
that of high angle grain boundaries. 
 
Transition from low to high angle boundaries occurs typically at the angle of 10° to 
15°. Structure of high angle grain boundary can be characterized with coincidence site 
lattice (CSL) model and associated sigma (Σ) notation, where Σ is the reciprocal 
density of coincidence sites. This is first proposed by Watanabe in 1984 in his 
publication on „grain boundary design to develop strong and ductile polycrystals‟ [73]. 
 
The grain boundary whose structure complies with or is close to CSL relationship is 
termed as CSL grain boundary in the present study. EBSD analysis provides 
orientation relationship at a grain boundary (the orientations of grains on two side of 
the grain boundary and grain boundary misorientation). Whether a measured 
boundary can be classified as a CSL boundary is determined the Brandon criterion [74, 
75]. The criterion states that the maximum allowable misorientation deviation (Δθ) 
from the exact CSL relationship is 
  
Δθ = θm Σ
-1/2
 
 
where θm is the maximum misorientation angle for a low angle boundary (typically 
15 ° ). Further, Palumbo-Aust criterion, a similar but more restrictive rule for 
determination of CSL grain boundaries, was proposed [76], 
 
Δθ ≤ 15°Σ-5/6 
 
The applicability of the two criterions is investigated by evaluation of experimental 
results pertaining to the susceptibility of nickel-based alloys to corrosion and cracking. 
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It was found that Palumbo-Aust criterion reduces the occurrence of low Σ (Σ≤29) 
interfaces displaying „non-special‟ behaviour. 
 
Watanabe‟s original ideas were employed by Palumbo and co-workers to explain 
special properties of grain boundaries in a series of publications [77-81]. They 
investigated intergranular corrosion susceptibility, intergranular stress corrosion 
cracking and grain boundary mobility in a wide range of materials including high 
purity polycrystalline nickel, nickel-based alloy 600 (Ni-16Cr-9Fe), 800, 825, pure 
copper, pure polycrystalline silicon and Al-Li-Cu-Mg-Zr alloy. It is found that CSL 
grain boundaries with low-index Σ notation were the most resistant to the initiation of 
intergranular corrosion. In thermomechanically processed Alloy 600, either annealed 
or sensitized, increasing number of Σ<29 grain boundaries resulted in commensurate 
decreases in intergranular corrosion susceptibility. For high purity polycrystalline 
aluminium, low angle (Σ1) boundaries exhibit resistance against intergranular 
corrosion in all concentrations of HCl (8, 16 and 38%); twin (Σ3) boundaries are less 
susceptible to corrosion compared to other grain boundaries in the two acids of 
relatively low concentration [82]. 
 
Recently, the misorientation-based CSL grain boundary model is challenged. It is 
doubted whether the sigma notation has meaningful relationship with so-called 
„special‟ properties of grain boundaries. Randle [83-85] argues that grain boundary 
properties depend on the boundary inclination, i.e., the boundary plane indices, as 
well as the grain boundary misorientation. In other words, five degrees of freedom are 
required to define the macroscopic grain boundary crystallography; Σ notation 
calculated from just grain boundary misorientation is oversimplified for interpreting 
the special properties of grain boundaries. It is briefed that the most meaningful 
reference structure for grain boundaries in polycrystals is periodicity in the grain 
boundary surface, rather than the misorientation-based coincidence site lattice and Σ 
notation.  
 
Miyamoto and co-worker [86, 87] also stress that the orientation of grain boundary 
plane plays an important role in grain boundary properties. They studied the 
susceptibility of asymmetric grain boundaries in pure copper to intergranular 
corrosion. It was found that the calculated energy of the ideal Σ3 and Σ11 [110] tilt 
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asymmetric boundaries increased monotonically with the increase in the inclination 
angle from the symmetrical position. Also, it should be considered that grain 
boundary attack propagates in a three dimensional space. Apart from penetration 
along grain boundary plane, dissolution develops in the direction vertical to grain 
boundary plane as well. Actually, it is documented that crystal faces of different index 
values exhibited varied corrosion tendency [88, 89]. Davis and co-workers [89] 
carried out work on aluminium single crystals at potentials below the pitting potential. 
It is reported that the number of metastable pits nucleating on (111), (110) and (100) 
orientations were different. The (111) crystal face exhibited the highest number of 
metastable events at a given potential. The (100) face showed the second highest 
number, while the (110) had the least events. Treacy and Breslin studied the pitting 
potentials of aluminium with different orientations [88]. Pit propagation on the (111) 
surfaces requires the dissolution of subsurface (100) atoms, whereas pit propagation 
on the (100) surface requires the dissolution of the more tightly bound (111) 
subsurface atoms, making the (100) crystal face more resistant to pitting attack. (100) 
crystal face exhibit the highest pitting potential. 
 
(2) Effect of segregation and precipitation on grain boundary attack 
 
A. Pure aluminium 
 
Segregation of impurities to grain boundaries is thought to be an important reason for 
the higher reactivity of grain boundaries relative to grains in pure aluminium [90, 91]. 
Deep grooves developed along the grain boundaries after 4 days of corrosion testing 
in HCl solution in aluminium of 99.997% purity, whereas for zone refined aluminium 
(resistivity ratio of 6700), deep grooving was only found after one month of testing 
[90]. Similarly, for aluminium with iron content varying from 10 to 500 ppm, during 
immersion in 10% HCl or in 0.3 M NaOH, the number of attacked grain boundaries 
and the depth of such attack increased with increasing iron content [91]. Grain 
boundaries act as sinks to which impurities or alloying elements become concentrated. 
This is due to increased population of defects in the solid solution. The enrichment 
occurs either by equilibrium or non-equilibrium processes. For example, iron impurity 
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is expected to segregate to grain boundaries in aluminium by equilibrium processes 
due to its relatively small atom size. 
 
B. Al-Cu model alloys 
 
Galvele and de De Micheli compared the anodic behaviours of pure aluminium and 
Al-4%Cu alloy in various aging conditions during electrochemical polarization [92]. 
They found that copper in aluminium matrix continuously increased the pitting 
potential of the aluminium alloy until the solubility of copper in aluminium is reached. 
θ‟ and θ‟‟ phases precipitate together with copper-depleted zones formed along grain 
boundaries during aging of the alloy. From electrochemical point of view, to initiate 
intergranular attack, the breakdown potential of the depleted zone must be lower than 
that of the grain bodies; the potential applied on the alloy must be over the breakdown 
potential of the depleted zone and under the breakdown potential of the grain bodies. 
A corrosive medium containing anions capable of breaking down the passivity of 
aluminium was also supposed to be necessary for intergranular corrosion.  
 
C. AA2xxx aluminium alloys 
 
In the case of AA2024-T3 alloy, second-phase particles function in initiation of 
intergranular corrosion, according to Kowal and co-workers. Reactivity of 
electropolished surface of naturally aged AA2024 alloy was examined using Tapping 
Mode AFM [93]. The work described that copper content is low in the vicinity of 
second-phase particles, making these regions vulnerable to corrosion. As soon as 
dissolution is accelerated in such regions, damage nucleated at a grain boundary in 
contact with the vicinity of the second-phase particle. Copper-depleted region is 
present along grain boundaries. Dissolution of copper-depleted regions progressed 
faster than the corrosion of grain interiors. However, the continuity between 
intergranular corrosion and corrosion at a second-phase particle is not supported by 
Zhang and Frankel‟s work [94]. Corrosion behaviours of AA2024-T3 alloy was 
studied by means of anodic polarization in their work. Two separate breakdown 
potentials were found. The more active one was related to the transient dissolution of 
S-phase particles leading to pitting. The relatively noble one was thought to result 
primarily from initiation and growth of intergranular corrosion. A corrosion 
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morphology transition between pitting and intergranular attack was found at critical 
potentials on the upward or reverse scans. Intergranular corrosion only initiated and 
grew at high potentials while pitting dominated at low potentials. 
 
D. AA6xxx aluminium alloys (AlMgSi and AlMgSiCu alloys) 
 
Guillaumin and Mankowski [95] investigated the corrosion behaviour of AA6065-T6 
aluminium alloy in 1 M NaCl solution. They found that pits nucleate mainly at Al-
Mg-Si-containing coarse intermetallic particles and develop within the grains through 
microscopic crystallographic tunnels. However, when pitting contacts with a grain 
boundary, intergranular corrosion starts. There are Cu-Mg-Si-rich grain boundary 
precipitates, functioning as local cathodes. Anodic Cu- and Si-depleted zones are 
present along grain boundaries. Preferential dissolution of the depleted zone is 
stimulated by the local cathodes. Cu-Mg-Si-rich precipitates have also been reported 
by Liu and co-workers in AA6111 aluminium alloy [96]. A near-surface deformed 
layer was generated by mechanical grinding. After heat treatment, Q-phase 
(Cu2Mg8Si7Al4) particles preferentially precipitate at grain boundaries in the deformed 
layer. Microgalvanic coupling between the Q-phase precipitates and the surrounding 
aluminium matrix causes intergranular attack in the surface region, leading to 
increased corrosion susceptibility of the alloy. The grain boundary regions are of 
relatively low alloying elements in AA6013-T6 aluminium alloy, too, according to 
Burleigh, Ludwiczak and Petri [97]. Having compared the anodic polarization curves 
of pure aluminium and the AA6013-T6 alloy, they found that pure aluminium 
corroded at a much faster speed than the alloy at the corrosion potential of the alloy. 
As a result, the solute depleted regions are supposed to corrode much more rapidly 
than the bulk alloy, leading to attack along grain boundaries. 
 
Nisancioglu and co-workers [98-101] proposed disagreement on the structure of grain 
boundary precipitates in AA6xxx alloys. Nanoscale Cu-rich film was proved to be 
present at the grain boundaries along with the presence of coarse Q-phase particles. 
Intergranular corrosion susceptibility was mainly caused by microgalvanic coupling 
between the Cu-rich film and adjacent solute depleted zone. On the contrary, the Cu-
rich film was coarsened by artificial aging. Intergranular corrosion resistance was 
increased due to discontinuous distribution of the coarsened Cu-rich film. 
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Further, external cathode such as coarse intermetallic particles on the alloy surface 
also contributes to the intergranular corrosion susceptibility of AA6xxx alloys, 
according to Nisancioglu and co-workers [102]. They compared alloys with small 
amount of copper (0.18 wt % Cu and 0.6 wt % Si) and with excess silicon (0.008 
wt % Cu and 1.3 wt % Si). In the alloy with excess amount of silicon, Fe-rich primary 
phases exist on the surface as the only cathodes available. If these particles are 
removed from the alloy surface, the width of intergranular corrosion filaments is 
appreciably reduced, although the depth of attack was unchanged. It suggests that 
external cathodes prompt widening of intergranular corrosion filament but are less 
important in the penetration of intergranular corrosion filament. Actually, the ohmic 
resistance of the anolyte becomes very large at a cavity of nanometer thickness near 
the IGC filament tip. The ohmic potential drop between external cathodes and 
corrosion front is too big for the cathodes to prompt sufficient rate and extent of 
intergranular corrosion. Conversely, grain boundaries are decorated with the 
continuous Cu-rich film as the in-situ cathode for the alloy with small amount of 
copper. Narrow filaments propagated to much larger depths. Thus, it is justified that 
the continuous-film internal cathode is more effective than the external cathodes in 
penetration of grain boundary attack. 
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Figure 2.1 Potential-pH diagram, the graphical presentation of the various equations 
for aluminium-water system at 25°C [18]. All ionic activities and gas pressures have 
been set arbitrarily at 10
-6
 g ion/l and 1 atm respectively. 
 
Figure 2.2 Theoretical conditions of corrosion, immunity and passivation of 
aluminium at 25°C [89]. 
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Figure 2.3 Diagrammatic representation of pitting corrosion as an intermediate stage 
[48]. Specimen A shows no attack. Specimen C has metal removed or dissolved 
uniformly over the entire exposed surface. Intense pitting occurred on specimen B at 
the points of breakthrough. 
 
 
Figure 2.4 Development of a corrosion pit at a break in the passive film. The 
corrosion rate indie the pit (jpit) can be one million times higher than that of the 
passive metal (jpas) [26]. 
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Figure 2.5 Autocatalytic processes occurring in a corrosion pit [48]. 
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Chapter 3 Experimental Procedure 
3.1 Materials 
 
1.6 mm thick cold-rolled AA2024-T3 aluminium alloy sheet is used in the present 
study. Composition of the alloy as determined by inductively coupled plasma - atomic 
emission spectroscopy is presented as follow: 4.45 wt% Cu, 0.28 wt% Fe, 1.34 wt% 
Mg, 0.54 wt% Mn, 0.065 wt% Si, 0.14 wt% Zn, 15 ppm Ni, 120 ppm V and 20 ppm 
Zr. 
 
3.2 Specimen preparation 
3.2.1 Mechanical polishing 
 
To remove surface roughness (rolling mark, etc.) developed during thermo-
mechanical processing, specimens were mechanically ground with 800, 1200 and 
4000 grit silicon carbide paper in tap water. Then the specimens were polished using 6, 
3 and 1 µm diamond paste. A polishing cloth was laid out over a polishing wheel with 
Mecaprex polishing liquid sprayed onto the polishing cloth to keep the polishing 
process free of water. The polishing wheel rotated anti-clockwise while the sample 
was drawn on the cloth in clockwise direction until the surface of the sample was 
evidently defect-free. After polishing, the specimens were agitated ultrasonically in 
acetone bath to remove lubricant and other contaminants from the surface. Then they 
were rinsed in ethanol and deionised water sequentially before dried in a stream of 
cool air. Dirt-free and mirror-like finish was achieved. 
 
3.2.2 Ultramicrotomy 
 
Microtome is an instrument firstly used to mechanically cut biological materials into 
transparent thin sections for microscopic examination. When applied to prepare 
extremely thin sections for electron microscopy, this technique is called 
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ultramicrotomy [103]. From 1978 on, Shimizu, Thompson and Wood [104-108] 
extend the practical application of ultramicrotomy from biological field to the 
preparation of electron transparent sections of surface films on aluminium and alloys. 
Steel, glass, or diamond knives are used in ultramicrotomy depending on the materials 
being sliced and the desired thickness of the sections. Diamond knife was employed 
in the present study. 
 
Ultramicrotomed specimens were generated using the following procedure. The 1.6 
mm thick alloy sheet was cut to dimensions of 20 mm × 7 mm × 1.6 mm and 
subsequently trimmed to a sharp tip. The sharp-tipped specimen was then 
encapsulated in embedding resin, which was cured at 60 °C for 24 hours. Following 
curing, the specimen was trimmed with a glass knife expose a cutting area of about 
200×50 µm
2
. After a series of cutting at a step size of 15 nm, thin sections of the alloy 
were spread in water and were collected onto 400 mesh nickel grids. These thin 
sections were then examined by transmission electron microscopy (TEM). Delayed 
collection from deionised water can be employed for corrosion testing of fresh-
generated alloy sections. 
 
Ultramicrotomy was also carried out on bare alloy sheet without embedding in resin 
in the same procedure. Block specimens (the trimmed tip) were examined using 
scanning electron microscopy to investigate the cross-section of the material. 
 
3.2.3 Electropolishing 
 
Electron backscatter diffraction (EBSD) is an effective method to determine grain 
orientation. Unfortunately, EBSD signal only comes from several nanometres in 
thickness from the alloy surface so it requires high quality for sample surface 
finishing. No oxide layer and near surface deformed grains is allowed since they 
compromise the quality of EBSD pattern. Electropolishing selectively reduces 
macroscopic heterogeneities and develop smooth surface. In the present study, it is 
performed after mechanical polishing as an important step prior to EBSD. 
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A mixture of perchloric acid and ethanol in the proportion of 1:4 (vol.) was used. The 
solution was prepared by slowly adding 200 ml of perchloric acid (s.g. 1.25) to 800 
ml of ethanol in a 1 L beaker maintained in an ice bath. Due to the highly oxidising 
nature of the solution, the temperature was continuously monitored and maintained 
below 10°C. Electropolishing was carried out at 20 V for 180 seconds at 5 °C using 
the specimen as anode and a superpure aluminium sheet as a surrounding counter 
electrode. Immediately after electropolishing, the specimens were rinsed first in 
ethanol for 5 seconds, then in deionized water for 5 seconds before dried in a stream 
of cold air. The experiment was carried out in a fume cupboard. 
 
3.2.4 GDEOS etching 
 
Glow discharge optical emission spectroscopy (GDEOS) is a valuable method to 
provide direct compositional analysis and depth profiling. The instrument comprises a 
glow discharge source and one or more optical spectrometers. Sputtering of a 
specimen takes place in an argon atmosphere, typically 3 to 5 Torre. The atoms 
sputtered from the surface of the specimen undergo collisions with the plasma in the 
instrument, resulting in their excitation and subsequent emission of photons with 
characteristic wavelengths. The number of photons emitted per atom is constant. 
Therefore, determination of the number of photons, or intensity, gives the number of 
atoms sputtered. By measuring photons at different energies it is possible to determine 
the types of atoms present. The total number of atoms per second gives the sputtering 
rate. From the sputtering rate it is possible to plot concentration of elements versus 
depth, giving a quantitative depth profile, whilst a plot of intensity versus depth gives 
a qualitative depth profile. In the present study, GDEOS was employed as an 
alternative method to prepare EBSD specimens. Argon gas plasma remove dirt, oxide, 
surface intermetallic particles and near surface deformed layer. 
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3.3 Corrosion 
3.3.1 Immersion testing 
 
In this study, deionized water and analytical pure sodium chloride were used to 
prepare testing solutions. NaCl solutions of 0.1 M, 0.5 M, 0.6 M and 1.5 M were 
employed. In case an accelerated corrosion rate was needed, droplets of hydrogen 
peroxide were added to the testing solution.  
 
Prior to corrosion testing, Lacquer 45 was applied to cover the edge of specimens and 
only the testing region was left exposed. 
 
3.3.2 Electrochemical measurement 
 
In the experimental set-up, a mounted sample was placed into an electrochemical cell 
that contained nitrogen deaerated sodium chloride solution. A Lugin probe was then 
positioned approximately 2 mm away from the specimen and solution was drawn up 
through it into a separate reservoir into which a saturated calomel reference electrode 
(SCE) was positioned. The SCE had a potential of 0.241 V relative to the normal 
hydrogen electrode (NHE). A platinum wire counter electrode was also used to 
complete a three-terminal cell connection. The SCE, counter electrode, and specimen 
were connected to a Solartron 1090 electrochemical measuring unit, of input 
impedance 1×10
9
 Ω, which was interfaced to a personal computer via a two-terminal 
cell connection. Potential and current were recorded using Coreware software which 
produced graphical output of the changing potential and current over the time period 
of the experiment. 
 
The experiments were carried out by polarising the specimen from 0.3 V minus to 
open circuit potential (Eocp) in positive direction to various potentials in anodic region 
at the rate of 1 mV/sec. 
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3.4 Microscopy 
3.4.1 Optical microscopy and video capture system 
 
In order to precisely position a localized corrosion site, in-situ monitoring and 
recording of surface morphological changes were employed during immersion testing 
of the aluminium alloy. A stereo optical microscope (Olympus BHM) was connected 
to a personal computer via a CCD camera. Analog signals captured by CCD were 
recorded in the computer as a series of digital images with set time interval. A video 
was generated with these images by movie maker software. Free downloaded 
software WM Converter 2.0 was used to compress the movie clip into desired 
formation in relatively small storage size. An area of ~ 5 × 5 mm
2
 was exposed for 
testing. 
 
Another Olympus optical microscopy was used to capture still images of alloy surface 
before and after corrosion. It was also connected to a personal computer running 
image capture software. 
 
3.4.2 Scanning electron microscopy 
 
Unlike optical microscopy, electron microscopy is a technique that uses an electron 
beam to image a sample. The much smaller wavelength of electron beam makes it 
possible to achieve a resolution significantly better than that with a light microscope. 
The basic principle behind scanning electron microscopy (SEM) is that a beam of 
electrons is focused and scanned across a sample surface and provides high-resolution 
and increased depth-of-field images of the sample surface.  
 
A beam of electrons is produced at the top of a scanning electron microscope from 
thermionic gun (saw-tooth generator) or field emission electron gun. Condenser 
lenses collimate the beam into a parallel stream of diameter approximately 3 to 10 nm. 
The electron beam follows a vertical path through two sets of coils (electromagnetic 
lenses) in the column of the microscopy. These coils are used to produce deflections 
in the electron beams at 90°C to each other. The electron beam is therefore made to 
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scan over specimen surface in rectangular zigzag raster. Upon striking the specimen, 
some electrons from the beam are backscattered, while others penetrate the material 
and induce secondary electrons, which are then emitted from the material. Detectors 
collect and transmit a known proportion of the secondary electrons (SE) or 
backscattered electrons (BSE) to an amplifier. The amplifier output the signal to 
computer monitor. The brightness of the pixel produced on the monitor tube is 
therefore directly proportional to the amount of current reaching the plate. As it scans, 
compositional and topographic changes in the material to cause a variation in the 
current reaching the collecting plate which, in turn, gives rise to a variation in the 
brightness of the pixel on computer screen. Over a short amount of time an image is 
built up on the computer screen due to the scanning action of the electron beam. The 
image that is produced is a direct representation of the surface of the sample. 
Magnification of the images takes place by scanning a much smaller area of the 
specimen surface (obtained by shunting the deflecting coils inside the microscope).  
 
During SEM operation, charging and long time electron hitting may affect the 
specimen surface condition and image quality. To avoid charging, specimens were 
mounted on aluminium stubs by means of double side carbon tape or carbon dot. 
Further, a conductive silver paste was applied to the specimen in order to build up the 
connection between aluminium stub and the insulating aluminium oxide on specimen 
surface. Carbon film deposition can be induced by prolonged exposure of a specimen 
under electron-beam hitting [109, 110]. This is a side effect of scanning electron 
microscopy and contaminates the specimen surface. 
 
Zeiss EVO50, Philips XL30 and Amray 1810 scanning electron microscopes, fitted 
with EDX facilities, are used in this work for obtaining morphological details of 
aluminium alloy surface before and after immersion testing. The accelerating voltage 
of the incident electron beam was fixed to 20 kV, working distance is set to 8.0 to 8.5 
mm, and beam current is 400 mA. 
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3.4.3 Energy dispersive X-ray spectroscopy 
 
Energy dispersive X-ray spectroscopy (EDX) is a technique whereby the elements 
that constitute a material are identified by means of analysis X-ray emissions. X-rays 
are generated when an inner shell electron is excited by a primary electron beam and 
either leaves the atom or moves to a higher unoccupied level. When this occurs, the 
vacancy generated by its departure is filled by an electron which drops from a higher 
energy level and emits an X-ray photon. As each element possesses a unique X-ray 
spectrum, analysis of emitted X-ray reveals the elements present in a material and the 
quantities of each element. 
 
Such analysis can be carried out in two ways, by wavelength dispersive or energy 
dispersive analysis. The technique used in this study was energy dispersive analysis. 
In this case, a detector, situated close to the sample, receives X-ray spectrum. The 
detector is able to distinguish between the various energies incident upon it and an 
output is fed to a multichannel analyser that displays the number of quanta 
corresponding to any X-ray energy on a personal computer. During operation, the 
energy dispersive system accepts energy from many elements simultaneously.  
 
During the qualitative analysis, the X-ray energy values from the EDX spectrum are 
compared with known characteristic X-ray values to determine the presence of an 
element in the sample. Elements with atomic numbers ranging from that of beryllium 
to uranium can be detected. The minimum detection limits vary from approximately 
0.1% to a few atomic percentages, depending on the element and the sample matrix. 
Quantitative results can be obtained from the relative X-ray counts at the 
characteristic energy levels for the sample constituents. Semi-quantitative results are 
readily available without standards by using mathematical corrections based on the 
analysis parameters and sample composition. The accuracy of standardless analysis 
depends on the sample composition. Greater accuracy is obtained using known 
standards with similar structure and composition to that of the unknown sample. 
 
For elemental mapping, characteristic X-ray intensity is measured relative to lateral 
position on the sample. Variations in X-ray intensity at any characteristic energy value 
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indicate the relative concentration for the applicable element across the surface. One 
or more maps are recorded simultaneously using image brightness intensity as a 
function of the local relative concentration of the elements present. During line profile 
analysis, the SEM electron beam is scanned along a pre-selected line across the 
sample while X-ray is detected for discrete positions along the line. Analysis of the X-
ray energy spectrum at each position provides plots of the relative elemental 
concentration for each element versus position along the line. 
 
3.4.4 Transmission electron microscopy 
 
Transmission electron microscopy is different from scanning electron microscopy in 
basic operating principle. In SEM, an incident electron beam, in the range 1 to 50 keV, 
strikes a specimen and detectors collect scattered electrons and new emitted secondary 
electrons. In TEM, electron beam typically in the range of 40 to 200 keV passes 
through a specimen. High energy electrons, incident on ultra-thin samples, allow 
image resolutions to reach of 0.5 Angstroms (10
-10
 m). 
 
Briefly speaking, electron source generates electrons that travel through vacuum in 
the column of the microscope. Instead of glass lenses focusing the light in the light 
microscope, TEM uses electromagnetic condenser lenses to focus the electrons into a 
very fine beam. The electron beam then travels through the specimen to be examined. 
Depending on the density of the material, some of the electrons are scattered or 
absorbed. The electron beam then passes through an objective lens and into an 
intermediate lens after which it passes into the projector lens, which magnifies the 
image and projects it onto a fluorescent screen at the bottom of the microscopes. It 
gives rise to a „shadow image‟ of the specimen with its different parts displayed in 
varied brightness based on their density. The image can be studied directly by the 
operator or recorded with a camera. Plate photographs can be taken due to a 
mechanism that automatically moves the fluorescent screen out of the way, exposing 
the negative. Variations in the intensity of electron diffraction across a crystalline 
specimen, called „diffraction contrast‟, is useful for making images of defects such as 
dislocations, interfaces, and second phase particles. 
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High resolution transmission electron microscopy (HRTEM) is a phase-contrast 
imaging mode of transmission electron microscopy. It relies on phase-contrast to 
image crystallographic structure of a sample at atomic scale. Because of its high 
resolution, it is an invaluable tool to study nanoscale properties of crystalline material 
such as semiconductors and metals. At present, the highest resolution realized is 0.08 
nm. At these small scales, individual atoms and crystal defect can be imaged.  
 
Conventional TEMs (JEOL 2000 FXII and Philips CM200) and high resolution TEM 
(Tecnai F30) were employed to investigate grain boundary precipitates and corrosion 
behaviours of coarse intermetallic particles in the aluminium alloy. Specimen was 
generated by both ultramicrotomy and jet-electropolishing in a solution of 80% 
methanol + 20% nitric acid [111]. EDX analysis facilities were also attached to the 
microscopes. Conventional TEMs were operated at an accelerating voltage of 120 kV 
and HRTEM was carried out at 300 kV. 
 
3.4.5 Atomic force microscopy 
 
Atomic force microscopy (AFM) is a form of scanning probe microscopy (SPM) 
where a small probe is scanned across the sample to obtain information about the 
material‟s surface. The information gathered from the probe‟s interaction with the 
surface can be as simple as physical topography or as diverse as measurements of the 
material‟s physical, magnetic, or chemical properties. These data are collected as the 
probe is scanned in a raster pattern across the sample to form a map of the measured 
property relative to the X-Y position. Thus, the AFM microscopic image shows the 
variation in the measured property, e.g., height or magnetic domains, over the area 
imaged. 
 
Unlike SEM and TEM which provide a two-dimensional projection or a two-
dimensional image of a sample, AFM provides a true three-dimensional surface 
profile. Additionally, samples viewed by AFM do not require any special treatments 
(such as metal / carbon coatings for insulated samples) which would irreversibly 
change or damage the sample. While an electron microscopy needs an expensive 
vacuum environment for proper operation, most AFM modes can work perfectly well 
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in ambient air or even a liquid environment. However, AFM could not scan images as 
fast as SEM. It may require several minutes for a typical scan, while an SEM is 
capable of scanning at near real-time. 
 
In the present work, AFM was employed to determine the topography of the 
aluminium 2024-T3 alloy before and after immersion testing. The instrument, a 
NanoScope III MultiMode AFM, was manufactured by Digital Instruments. A silicon 
cantilever, 125 µm long, with a spring constant of 0.12 N/m and a resonant frequency 
of 242-396 kHz, was utilised. The scanning rates were adjusted to values between 0.5 
to 1 Hz according to the scanned area and surface roughness. Quantitative evaluation 
of the image data was performed on the NanoScope III off-line analysis software and 
the scanning probe image processor, SPIP. Scanning Kelvin probe microscopy was 
also carried out on the same facilities to provide surface potential information on 
AA2024-T3 aluminium alloy both prior and post to corrosion testing. For SKPFM, 
specimen was prepared by ultramicrotomy and mechanical polishing to mirror 
finishing. 
 
3.4.6 X-ray microscopy (XRM) 
 
There is an increasing use of 3D X-ray viewing technique in material science. The 
employment of such technology in corrosion science is a relatively new research field 
but considered as a key development for better understanding of corrosion mechanism.  
Before 3D X-ray viewing technology, the only way to view a corrosion site in depth is 
to cross-section the specimen which results in permanent destruction. 3D X-ray 
viewing can advance the knowledge of the geometry of intermetallic particles, the 
shape of a corrosion pit bottom covered by oxide film, as well as corrosion 
propagation underneath surface (transition from one corrosion type to another) in non-
destructive approach. 
 
Several techniques have been used to fulfil 3D viewing purpose and they have 
different advantages and shortcomings. 3D TEM tomography is among the first 3D 
viewing techniques ever developed. Images of a material are obtained from different 
tilting angle and are combined together to generate 3D view of the material. Its 
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working methodology is easy to understand and operation is less complicated but 
dimension of imaging area is rather limited to the size of a TEM specimen as thick as 
tens of nanometre. Another 3D viewing technology was developed by combine low 
voltage SEM and ultramicrotomy [112] [113]. It provides a desirable resolution down 
to a few nanometres which enable the observation of grain boundary precipitation and 
corrosion front. However, the tomography is achieved by serial sectioning of a 
specimen with ultramicrotomy which means it causes destructive damage to the 
material. Also, resolution in the depth direction is controlled by the step size of 
sectioning facility and is significant larger than lateral resolution defined by LVSEM. 
 
X-ray based tomography technology can non-destructively characterize and inspect 
the internal microstructure of a material and provide same resolution in both lateral 
and depth directions. Two forms of high resolution X-ray topographic imaging 
facilities, synchrotron based X-ray microtomography and desktop microfocus 
computed X-ray tomography have been employed in materials science. Synchrotron 
X-ray tomography can provide sub-micron resolution and consume less time to obtain 
high quality image due to its high energy [114-116]. Eckermann and co-workers [117, 
118] study the transition of pitting to stress corrosion cracking in aluminium alloys by 
in-situ X-ray microtomography. By observing the initiation site of localized corrosion, 
they found that the large amount of precipitated MgSi did not lead to preferential 
transition from corrosion initiation to propagation but incorporated into the corrosion 
path in highly overaged AA6016 aluminium. Marrow and co-workers [119, 120] use 
the synchrotron radiation based X-ray tomography to observe the early stages of 
fatigure crack nucleation in a cast iron. 3D viewing facility provided volumetric 
information on the development of the crack shape and crack path, which cannot be 
obtained using conventional techniques. However, the access to such X-ray 
tomography is difficult since a synchrotron radioactive source is needed to produce 
synchrotron X-ray.  
 
Desktop microfocus computed X-ray tomography is based on the same principles as 
that of synchrotron based instruments but offer advantages such as small footprint, 
ease of operation and access. Disadvantages include longer scan times, 1000 times 
smaller flux capacity and limited maximum resolution owing to the size of the 
microfocus spot size [121, 122]. Recently, laboratory based instruments with 
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resolution down to 0.4 µm have been developed, which enable the observation of 
intermetallic particles in aluminium alloy and related corrosion features [123]. 
Connolly and co-workers used microfocus computed X-ray tomography to investigate 
the transition from localized corrosion to stress corrosion cracking in steel specimens 
exposed to a simulated corrosive condensate environment. They found that crack 
initiation is more prevalent from the side of the pit compared with the base of the pit. 
This is different from the traditional understanding of crack initiation and therefore 
question Kondo‟s model that has been employed in the estimation of crack 
propagation. 
 
In order to provide information on corrosion propagation in AA2024-T3 alloy, 
specimens prior and post to corrosion testing were examined by X-ray tomography. 
The work was carried out on Xradia MicroXCT facilities in Henry Moseley X-Ray 
Imaging Facility Centre in The University of Manchester (Figure 3.1 (a)-(b)). The 
machine‟s features are summarised as follow and the parameters employed during the 
experiment is listed in Table 3.1. 
 
 Open topped and installed inside a synchrotron-style walk-in radiation hutch. 
 Provided with a labyrinth for the external control and monitoring of User-
installed equipment. 
 Heavy duty precision 4-axis sample manipulator stage mounted on a granite 
base and with a 15kg load capacity. 
 Phase-enhanced optics for high contrast imaging of biological, tissue 
engineering and polymer samples. 
 150 kV sealed tungsten high-energy microfocus X-ray source. 
 2k × 2k 16 bit high resolution cooled CCD detector. 
 Low to high resolution modes achieved optically with 0.5×, 4×, 10×, 20× and 
40× objective lenses: 
o 0.57× objective lens gives up to ~40 mm field of view with ~25 µm pixel size. 
o 4× objective lens gives up to ~6.5 mm field of view with ~4 µm pixel size. 
o 10× objective lens gives up to ~2.6 mm field of view with ~1.6 µm pixel size. 
o 20× objective lens gives up to ~1.3 mm field of view with ~0.8 µm pixel size. 
o 40× objective lens gives up to ~0.65 mm field of view with ~0.4 µm pixel size. 
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For X-ray tomography, specimen were prepared by cutting 1.6 mm AA2024 alloy 
sheet into small pieces in match-stick shape with approximately square cross-section. 
Then one end of the stick was grounded into a sharp tip and polished in diamond paste 
until mirror finishing. Lacquer 45 was applied to the specimen before corrosion 
testing but the tip of the specimen was exposed to testing solution without cover by 
lacquer. 
 
Table 3.1 Parameters employed in X-ray microscopy. 
Camera binning 1 
Image size 2048 × 2048 
File size 16,777.22 KB 
Source setting 120 kV 83 μA 
Source to RA distance 83.9998 mm 
Detector to RA distance 6.9293 mm 
Pixel size 0.3079 μm 
Optical magnification 40.5 × 
Exposure time 60.0000 seconds 
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Figure 3.1 (a) Custom-built walk-in radiation enclosure housing the MicroXCT; and 
(b) Xradia MicroXCT X-ray tomography facilities. 
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Chapter 4 Microstructural Characterization 
 
With excessive amount of alloying elements such as copper and magnesium, a 
heterogeneous microstructure is intentionally developed in AA2024 aluminium alloy 
to provide high mechanical performance. Although the main strengthening effect 
comes from alloying elements in solid solution and precipitates, the major portion of 
added elements is present as constituent intermetallic particles and dispersoids. These 
heterogeneities have significant effect on the corrosion properties of the alloy.  
 
In the present study, compositions of intermetallic particles in the alloy were 
determined from 120 intermetallic particles by EDX analysis. Clustering between 
intermetallic phases was characterized by SEM and TEM, revealing variation of 
composition in different parts of an intermetallic particle cluster. Structure of grain 
boundary precipitates was determined by analysing lattice image of the precipitates, 
revealing θ-phase particles in three existence forms. Consideration was also given to 
grain boundary misorientation and grain stored energy. They were determined using 
EBSD. 
 
4.1 Constituent intermetallic particles 
4.1.1 Intermetallic particle distribution 
 
1.6 mm thick, cold-rolled, AA2024-T3 aluminium alloy sheet was employed in the 
present study. Figure 4.1 shows the scanning electron micrograph of a mechanically 
polished cross-section of the alloy sheet. It is revealed that less intermetallic particles 
exist in the middle region of the sheet than the regions close to the alloy surface. 
Intermetallic particles in the middle region of the alloy sheet have the largest size. 
Particles located near the alloy surface appear smaller but with increased population 
density. Figure 4.2 shows the scanning electron micrograph of the alloy sheet surface, 
revealing a uniform distribution of coarse intermetallic particles, with size ranging 
from 0.29 µm to 11.25 µm in diameter. 
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Table 4.1 EDX analysis of intermetallic particles on the alloy surface 
 
Percentage/
% 
at.% 
Al Cu Mg Mg/Cu Mn Fe Si 
Alloy 
composition 
- 92.76 4.54 1.51 0.33 0.63 0.17 0.06 
Matrix - 96.9 1.5 1.6 1.07 - - - 
S-phase 48.72 78.83 11.42 9.73 0.85 - - - 
θ-phase 15.38 82.79 14.34 2.88 0.21 - - - 
Cu-Al-Mn-
Fe-(Si) 
35.90 79.35 11.09 - - 2.89 5.46 
up to 
1.21 
 
Chemical compositions of 120 intermetallic particles from Figure 4.2 were 
determined using EDX. Three intermetallic phases were identified. They are S-phase 
that is rich in aluminium, copper and magnesium, θ-phase that is rich in aluminium 
and copper only, and α-phase that is rich in aluminium, copper, iron, and manganese 
with or without small amount of silicon. Typical EDX spectra of S-phase, θ-phase, α-
phase with and without silicon are displayed in Figure 4.3. Nearly fifty percent of the 
intermetallic particles is S-phase, accounting for the highest ratio among all the 
particles, as summarised in Table 4.1. 15.38% of the particles is θ-phase. The other 
35.90% of the intermetallic particles is generally considered as α-phase (Al-Cu-Mn-
Fe-(Si)), though variation in the amount of Mn and Fe elements makes it difficult to 
identify their specific phase composition. 
 
4.1.2 Single S-phase and θ-phase particles 
 
Figures 4.4 (a)-(d) show BSE images of a number of S-phase and θ-phase particles. 
They were easily distinguished from α-phase (Al-Cu-Mn-Fe-(Si)) particles using 
EDX due to the fact that S-phase (Al2CuMg) and θ-phase (Al2Cu) are free of iron and 
manganese. However, EDX spectra of both S-phase and θ-phase particles exhibit 
peaks of aluminium, copper and magnesium, as shown in Figures 4.3 (a)-(b). Actually, 
it should be taken into consideration that accelerating voltage of 20 kV was employed 
in the EDX analysis. X-ray signals collected by EDX detector can generate from as 
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deep as a few microns into the aluminium alloy. When an intermetallic particle (e.g. 
θ-phase particle) is sufficiently small, a part of the X-ray signal may come from the 
interaction between the incident electron and the matrix. Certain amount of 
magnesium element is present in the aluminium matrix so the magnesium peak 
detected for θ-phase particles was generated from the matrix.  
 
The key to distinguish S-phase from θ-phase relies on semi-quantitative EDX analysis 
of magnesium content. Based on analysis of 49 intermetallic particles, it is found that 
the Mg/Cu atomic ratio for θ-phase ranges from 0.10 to 0.26, confirming that copper, 
rather than magnesium, is the major element in the particle. The ratio for S-phase 
particles is always larger than 0.63 and can reach 1.0, indicating equal amount of 
magnesium and copper atoms existing in the intermetallic phase. Information on 
composition, size and shape of S-phase and θ-phase particles is listed in Table 4.2. 
 
S-phase particles exist in two forms, i.e. single particle that is embedded in aluminium 
matrix and clustered particle that is grouped with θ-phase. As shown in Table 4.2, 
diameter of a clustered S-phase particle ranges from 1.2 µm to 3.7 µm. Single 
particles have wider size range than clustered particles. The biggest single S-phase 
particle examined in the present study reaches 4.21 µm in diameter and the smallest is 
0.73 µm. Nevertheless, it is evident that S-phase particles in the two existence forms 
are similar in average diameter. Elliptical model is used to describe the shape of an 
intermetallic particle. The average long axis/short axis ratio for single S-phase 
particles is 1.69, 0.29 larger than the value for clustered particles. Thus, clustered 
particles are more spherical than single particles.  
 
Similar to S-phase particles, θ-phase particles have two existence forms: single one 
and clustered one. The largest clustered θ-phase particle has a diameter of 2.93 µm 
and it is 2.5 µm for the largest single particle. The smallest clustered particle is 1.05 
µm in diameter and it is 0.69 µm for the smallest single particle. Average particle 
diameters are 1.84 µm for clustered particles and 1.68 µm for single particles. 
Therefore, it is clear that clustered θ-phase particles are larger than single particles. 
Average long axis/short axis ratio for single θ-phase particles is 1.08, indicating 
spherical shape. With average long axis/short axis ratio of 4.32, clustered θ-phase 
particles appear to be much more elongated than single particles.  
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Table 4. 2 Single and clustered S-phase and θ-phase intermetallic particles in AA2024-T3 alloy 
  Number Percentage Diameter range/µm Average diameter/ µm Average a/b 
at.% 
Al Cu Mg Mg/Cu 
S-phase Single 23 46.9% 0.73-4.21 2.47  1.69 80.27 10.81 9.03 0.81 
 Clustered 11 22.4% 1.20-3.70 2.47 1.40 72.28 15.29 12.43 0.82 
θ-phase Single 5 10.2% 0.69-2.50 1.68 1.08 84.08 14.19 1.74 0.15 
 Clustered 10 20.4% 1.05-2.93 1.84 3.32 78.51 18.30 3.19 0.19 
D=diameter, is defined as (a+b)/2. a is the long axis of the particle while b is the short axis. 
 
Table 4.3 Cu-Al-Mn-Fe-(Si) phase particle with Silicon variation 
Position 
at.% 
Al Cu Mn Fe Si 
1 88.31 7.78 1.42 2.46 0.04 
2 85.02 3.69 3.31 3.88 4.09 
3 72.61 18.18 2.73 5.89 0.58 
4 78.61 10.29 3.37 6.08 1.64 
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Material properties, including corrosion behaviour, are greatly affected by 
intermetallic particles. However, due to the high population of intermetallics, to 
determine the phase of intermetallic particles within a specific region by EDX 
compositional analysis is always seen as a tough task. From the present study, shape 
of the intermetallic particles is suggested as useful information to distinguish 
intermetallic phase. Al-Cu-Fe-Mn-Si particles are irregularly shaped; S-phase and θ-
phase particles are more or less spherical. Between clustered S-phase and clustered θ-
phase, with average long axis/short axis ratio of 1.40, S-phase appears to be much 
more spherical than θ-phase when the intermetallics are characterized in elliptical 
model. Between single S-phase and single θ-phase, θ-phase particles are more 
spherical and S-phase particles are more elongated.  
 
4.1.3 Single Al-Cu-Fe-Mn-(Si) particles 
 
A single Al-Cu-Fe-Mn-(Si) particle is shown in the scanning electron micrograph of 
Figure 4.5 (a). It has an irregular shape with its largest dimension of 7.8 µm from 
lower left to upper right part of the particle. Uniform brightness is evident across the 
particle in the BSE image, suggesting a uniform elemental distribution. EDX 
spectrum of the particle (Figure 4.5 (b)) is similar to the spectrum shown in Figure 4.3 
(c), indicating little silicon in the particle.  
 
BSE image of a further single Al-Cu-Fe-Mn-(Si) particle is displayed in Figure 4.6. 
The particle, with a length of 8.1 µm from left to right, is similar in size to the 
previous one. However, a relatively darker area is evident in the lower right part 
(position 2) of the particle. EDX analysis was carried out at 4 positions in the particle, 
as shown in Figures 4.6 (b)-(e). The atomic percentages of aluminium, copper, 
manganese, iron and silicon are listed in Table 4.3. All spectra are similar to the one 
shown in Figure 4.3 (c). Nevertheless, a difference in silicon content is revealed 
between the four positions. Silicon content at position 2 is the highest, with 4.09% Si 
detected. Meanwhile, position 2 exhibits the lowest level of copper (3.69%) and the 
second highest level of manganese (3.31%).  
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The change of composition was also verified by TEM. Single Al-Cu-Fe-Mn-(Si) 
intermetallic particles and their surrounding area are displayed in the transmission 
electron micrograph of Figure 4.7. The largest dimensions of the two particles are 5.0 
µm and 2.6 µm, respectively. The angular shape of α-phase particles is again revealed. 
It is evident that the smaller particle exhibit brightness variation in its upper part. A 
triangle region appears darker than the lower part of the particle, indicating relatively 
high level of heavier element (possibly copper, iron or manganese). The boundary 
between the two parts is indicated by arrows in Figure 4.7.  
 
Smaller dispersoid particles, ranging from 100 nm to 500 nm, are evident in Figure 
4.7. No dispersoid-free zone was observed around the Al-Cu-Fe-Mn-(Si) particles. 
Some dispersoid particles seem to be present within the coarse particle. This can be 
explained as follow: the TEM specimen is sufficiently thick so some dispersoids 
overlap with the coarse particle.  
 
4.1.4 Clustered S-phase and θ-phase particles 
 
Most of intermetallic particles exist individually as shown in previous sections. 
However, some particles cluster together. In Figure 4.8 (a), apart from the irregularly 
shaped Al-Cu-Mn-Fe-(Si) particles, a number of intermetallic particle clusters are 
revealed. Six of them are scribed by red lines. The size of an intermetallic particle 
cluster shown in this image is from 3.8 µm (cluster 4) to 25.4 µm (cluster 2) in 
diameter. Cluster 2 was examined at increased magnification, as shown in Figure 4.8 
(b)-(c). It is evident that, similar to the Al-Cu-Fe-Mn-(Si) particle shown in Figure 4.6, 
the intermetallic particle cluster exhibits different brightness at different parts in the 
BSE image. Positions 1, 2 and 3 appear apparently brighter than other positions, 
indicating a variation in composition. 
 
Figure 4.9 shows SEM image of further clustered intermetallic particles. EDX 
analysis was carried out at two positions in the cluster, as shown in Figures 4.9 (b)-(c). 
Interestingly, the spectrum from point 1 exhibits a higher Mg peak than that from 
point 2 with both spectra showing similar intensity at Al and Cu. Thus, point 1 is rich 
in aluminium, copper and magnesium, indicating S-phase (Al2CuMg); point 2 is only 
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rich in aluminium and copper, indicating θ-phase (Al2Cu). This suggests variation in 
composition at different parts of the cluster.  
 
Another intermetallic particle cluster is displayed in Figure 4.10. The small cluster is 
comprised of two particles. The upper one is relatively dark in square shape. The 
lower one is relatively bright, belt-like in U-shape, surrounding a half of the square 
particle. The belt-like particle is 5.3 µm in length with a width of 0.5 µm. Again, EDX 
spectrum from the darker particle (point 1) exhibits a higher Mg peak than that from 
the brighter one (point 2), with the similar intensity of Al and Cu peaks. Thus, point 1 
is rich in aluminium, copper and magnesium, indicating S-phase (Al2CuMg). Point 2 
is rich in aluminium and copper, indicating θ-phase (Al2Cu). 
 
The clustering phenomenon between two intermetallic phases was also examined by 
TEM. Figure 4.11 (a) displays a two-particle cluster. The small one is spherical in 
shape and measured 0.9 µm in diameter. The big one is 3.4 µm in its longest 
dimension. It is interesting that, unlike the previous intermetallic particle clusters, the 
small particle completely embeds itself in the big one. Both particles appear darker 
than the matrix, but the small one is brighter than the big one. Actually, magnesium 
atom is weaker in deflecting electrons than copper atom and aluminium atom due to 
the lower atomic number. A brighter intermetallic particle is likely to contain more 
magnesium species. EDX analyses were carried out at the particle region and matrix 
region, as shown in Figures 4.11 (b)-(d). The spectrum from point A in the relatively 
bright particle exhibits a strong peak of Mg, higher than that from point B in the 
relatively dark particle and point C in aluminium matrix, indicating that the bright 
particle is S-phase (Al2CuMg) and the dark one is θ-phase (Al2Cu).  
 
Finally, in Figure 4.12, the intermetallic particle cluster, with 1.9 µm in the long axis 
and 0.9 µm in the short axis, is the smallest cluster observed in the present study. 
Again, only two particles are present. A relatively small and bright one (A) in an 
elliptic shape on the upper left of the cluster and a relatively big and dark one (B) in 
irregular shape. The bright particle is S-phase (Al2CuMg) and the dark one is θ-phase 
(Al2Cu).  
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In Figures 4.8 and 4.12, voids are found around or within intermetallic clusters. It is 
suggested that there is difference in mechanical properties between different 
intermetallic phases, leading to material pulling-out during mechanical polishing or 
ultramicrotomy. 
 
4.2 Dispersoids and grain boundary precipitates 
4.2.1 Dispersoids and large grain boundary precipitates 
 
Conventional and high resolution transmission electron microscopes were employed 
to examine the grain boundary region and related precipitates in AA2024-T3 
aluminium alloy. Figure 4.13 (a) shows the transmission electron micrograph of a thin 
foil obtained by twin-jet electropolishing of the alloy. Two triple junctions of grain 
boundaries are revealed in the bright field image. Consideration is firstly given to 
dispersoids which are found in grains and at grain boundary regions. A typical one is 
displayed at an increased magnification in Figure 4.13 (b) and designated as particle 
A. It is evident that the particle is elongated in one direction, exhibiting a rod-shape. 
From Figure 4.13 (a), it is clear that there is a variation in the particle size, with a 
length of tens of nanometre up to 400 nm. The size lies between previously mentioned 
coarse intermetallic particles and the fine precipitates that will be detailed in the 
following sections.  
 
Dark field TEM image of dispersoids from a different area is shown in Figure 4.13 (c). 
The framed area is examined at an increased magnification (Figure 4.13 (d)). 
Interestingly, some particles have a round-shape instead of rod-shape, e.g. Particle 3, 
suggesting that the orientation of rod-shape dispersoids changes during thermo 
mechanical process. The long axis of most of dispersoids (including Particle A) is 
generally parallel with the paper plane, literally the specimen surface and the 
longitudinal section of the alloy, as shown in Figures 4.13 (a) and (c). Also, most of 
particles from different grains are aligned to the same direction, supposedly the rolling 
direction of the alloy sheet. However, unlike these particles, the axis of round 
dispersoid is yet to be adjusted to the rolling direction and still perpendicular to the 
paper plane. The round shape is the cross-section of rod-like dispersoids. 
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EDX analysis was carried out at four particles of different size and different 
orientation, as shown in Figures 4.13 (e)-(h). The spectra exhibit peaks of copper, 
manganese and aluminium from all four particles, indicating Al-Cu-Mn phase. Thus, 
both the shape and composition of the rod-shape particles are consistent with 
Al20Cu2Mn3 phase dispersoid reported in literature [2, 10].  
 
Apart from dispersoids, grain boundary precipitates were found. Figure 4.14 shows a 
5 µm long grain boundary region designated as AB. Dispersoids are present across the 
whole examined area. Interestingly, some of them reside on the grain boundary. 
Precipitates, smaller than the dispersoids, are found at the sites where the grain 
boundary intersects the dispersoids.  
 
One of the dispersoid-related precipitates is shown at an increased magnification in 
Figure 4.15 (a). The precipitate has a sharp tip on one side and is aligned with the 
grain boundary. The other side of the precipitate is flat and connected to the 
dispersoid. Further dispersoid-related precipitates are displayed in the dark field TEM 
image of Figure 4.15 (b). Two precipitates protrude from the dispersoid, one on each 
side. The tips of the precipitates on the sides away from the dispersoid are sharp and 
aligned with the grain boundary. The precipitates appear brighter than the dispersoid. 
EDX line scan was carried out across one precipitate connected to the lower side of 
the dispersoid. Increased level of copper was detected, as shown in Figure 4.15 (c).  
 
Lattice image of the precipitate was obtained by high resolution TEM. The distance 
between neighbouring atomic planes (d-spacing) was measured for two sets of 
crystallographic planes, AB and CD, as designated in Figure 4.15 (d). The value of d-
spacing is 0.234 nm for AB and 0.209 nm for CD and the angle between the two sets 
of lattice planes is 30°. It is reported that θ-phase is a body-centred tetragonal (bct) 
equilibrium form of Al2Cu intermetallic compound (I4/mcm) with lattice constants a 
= 0.607 nm, c = 0.487 [124]. The d-spacings for (002) and (112) crystallographic 
planes in θ-phase are 0.244 nm and 0.212 nm, respectively, and the angle between the 
two sets of planes is 29.6°. These values match well with the measurement, indicating 
that the grain boundary precipitate is θ-phase. Also, the fast Fourier transform of the 
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lattice image is shown in Figure 4.15 (f). The values of d-spacings and angles, 
measured from the distance between every two correspondent spots, match well with 
the values calculated from lattice constant (a = 0.607 nm, c = 0.487 nm). Hence, the 
precipitate protruding from dispersoid is further confirmed as a tetragonal θ-phase. 
 
4.2.2 Medium size grain boundary precipitates 
 
Figure 4.16 (a) shows transmission electron micrograph of a further triple point of 
grain boundaries. Previously revealed dispersoid-related precipitate is absent. 
Interestingly, at grain boundary AB, two needle-like particles are evident. TEM image 
at increased magnification (Figure 4.16 (b)) reveals that the particles are around 50 
nm in length, 10 nm in width, and well separated from each other. No particle is 
found at the other two grain boundaries, indicating that the distribution of such 
needle-like grain boundary precipitates is not uniform. To confirm this, a similar grain 
boundaries region was examined using HAADF, as shown in Figure 4.17. The needle-
like precipitates are evident only at grain boundary AB and EF, and no precipitate is 
found at grain boundary CD. 
 
Figure 4.18 (a) shows the transmission electron micrograph of a grain boundary 
decorated with similar needle-like precipitates. The particle size ranges from 25 nm to 
70 nm in length. Dark field TEM image of one of these precipitates is displayed in 
Figure 4.18 (b) at an increased magnification. The precipitate has a sharp tip on two 
ends and appears narrower than the dispersoid-related precipitate. EDX line scan was 
carried out across the precipitate, as shown in Figure 4.18 (c). It is evident that the 
precipitate is rich in copper and depleted in Al.  
 
HRTEM was carried out to obtain lattice image of the particle, as shown in Figures 
4.18 (d)-(e). The distance between neighbouring atomic planes (d-spacing) was 
measured for two sets of crystallographic planes, AB and CD, as designated in Figure 
4.18 (e). The value of d-spacing is 0.298 nm for AB and 0.240 nm for CD and the 
angle between the two sets of lattice planes is 66°. As mentioned previously, in body-
centred tetragonal θ-phase, the d-spacings are 0.303 nm and 0.237 nm for (020) and 
(211) crystallographic planes, respectively, and the angle between the two sets of 
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planes is 67° . These values match well with the measurement. The fast Fourier 
transform of the lattice image is shown in Figure 4.18 (f). The values of d-spacings 
and angles, measured from the distance between every two correspondent spots, 
match well with the values calculated from lattice constant (a = 0.607 nm, c = 0.487 
nm). Thus, it is confirmed the grain boundary precipitate is θ-phase. 
 
4.2.3 Fine grain boundary precipitates 
 
Figures 4.19 (a)-(c) show dark field transmission electron micrographs of grain 
boundaries in the sequence of increasing magnification. Dispersoid-related precipitate 
and needle-like precipitate are absent at the grain boundaries. However, a bright 
narrow band is observed. The width of the band is as small as 5 nm. EDX line scan 
was carried out across a grain boundary precipitate band, as shown in Figure 4.19 (d). 
Like two previously mentioned grain boundary precipitates, increased copper yield is 
revealed once again, indicating a Cu-rich intermetallic phase. Interestingly, the band 
precipitate exhibit two lines in Figure 4.19 (c), indicating that the structure of the 
precipitate is complex.  
 
Figures 4.20 (b)-(c) show transmission electron micrographs of a grain boundary at 5° 
and 15° specimen tilting, respectively (specimen rotation axis is parallel with the 
grain boundary). A dispersoid is revealed in the middle of the grain boundary. It is 
clear that the inclination of grain boundary plane in the lower side of the dispersoid is 
different from that in the upper side. In Figure 4.20 (b), the grain boundary region in 
the lower side is relatively wide and that in the upper side can be considered as a 
narrow line, indicating that the upper side grain boundary plane is generally parallel 
with the electron beam but the lower side grain boundary plane has a tiling angle from 
beam direction. The relatively wide grain boundary region is a projection of the grain 
boundary plane on image plane. 
 
In contrast, when the specimen is tilted to 15° (Figure 4.20 (c)), grain boundary region 
in the lower side of the dispersoid become a narrow dark line and that in the upper 
side is relatively wide, suggesting that now the lower side grain boundary is roughly 
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parallel with the electron beam and the tilting angle between upper side grain 
boundary plane and image plane is less than 90°.  
 
Consideration is given to grain boundary on the upper side of the dispersoid. 
Continuous dark contrast along the grain boundary, which represents grain boundary 
precipitates, can be seen in the micrograph obtained at 5° tilting. However, in the 
micrograph with further 10° tilting, the dark contrast is absent though the grain 
boundary is still visible. Interestingly, a number of discontinuously distributed 
precipitates are evidently parallel with the grain boundary. These individual 
precipitates were not seen at 5° tilting. This suggests that when the grain boundary is 
parallel with the electron beam, the projection of fine needle-like particles overlap 
with each other on the image plane, appearing as continuous precipitate band.  
 
Figure 4.20 (a) shows the dark field transmission electron micrograph of another grain 
boundary. A dispersoid is in the middle of the boundary. Continuous band precipitate 
is observed at the right side of the dispersoid. Individual precipitates distribute 
discontinuously in the left part of the boundary. These fine needle-like particles are 
gradually aligned with the grain boundary as moving towards right. Also, the space 
between two neighbouring particles decreases from left to right. This suggests that the 
grain boundary plane is gradually tilted from left to right. The right half of grain 
boundary is parallel with electron beam. The projection of fine needle-like 
precipitates overlap with each other. The left half of the boundary intersects the beam 
with an angle. The projection of the fine needle-like precipitates still appears as 
individual particles. 
 
Thus, so-called grain boundary band precipitate is related to the orientation of grain 
boundary plane. Tilting of a grain boundary plane can result in the projection of fine 
needle-like precipitates transforming from discontinuously distributed particles to a 
continuous band. 
 
High resolution TEM examination was carried out to determine the structure of the 
fine needle-like precipitates. Lattice images are shown in Figures 4.21 (a)-(b). The 
distance between neighbouring atomic planes (d-spacing) was measured for two sets 
of crystallographic planes, AB and CD, as designated in Figure 4.21 (b). The value of 
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d-spacing is 0.424 nm for AB and 0.385 nm for CD. The angle between the two sets 
of lattice planes is 63°. The d-spacings for (110) and (101) crystallographic planes are 
0.429 nm and 0.380 nm, respectively, and the angle between the two sets of planes is 
63.7 °  in bct θ-phase (Al2Cu). These values match well with the measurement, 
indicating that the fine needle-like precipitate is θ-phase. Fast Fourier transform of the 
lattice image is shown in Figure 4.21 (c). The values of d-spacings and angles, 
measured from the distance between every two correspondent spots, match well with 
the values calculated from lattice constant (a = 0.607 nm, c = 0.487 nm). Therefore, 
the fine needle-like particle comprising a continuous grain boundary precipitate band 
is confirmed as a tetragonal θ-phase. 
 
Figure 4.22 shows the dark field transmission electron micrograph of a twin-jet 
electropolished thin foil of AA2024-T3 alloy, revealing a triple junction of grain 
boundaries. Band precipitate is evident at grain boundary AB but absent at grain 
boundary CD and EF, indicating that the distribution of fine needle-like grain 
boundary precipitates is not uniform.  As mentioned in Section 4.2.2, the distribution 
of medium size needle-like precipitates is also not uniform. To determine the 
distribution of grain boundary precipitates, 38 grain boundaries have been examined 
by TEM. At 14 of them, medium size or relatively large θ-phase particles are present. 
At another 7 of them, fine needle-like precipitate is present. At another 7 grain 
boundaries, fine needle-like precipitate and relatively large dispersoid-related particles, 
or fine needle-like precipitates and medium size needle-like particles, are present at 
the same time. An example is shown in Figure 4.19 (b). At 10 of the examined grain 
boundaries, no precipitate was observed. Thus, in at least 14/38 (36.8%) of the grain 
boundaries in AA2024-T3 alloy, fine needle-like precipitate are present. 
 
4.3 Crystallographic orientation changing and stored energy 
4.3.1 Grain boundary misorientation 
 
Figure 4.23 displays the grain crystallographic orientation maps of the longitudinal 
section, long-transverse section and short-transverse section in the AA2024-T3 
aluminium alloy sheet. The sizes of grains range from 5 to 74 µm in longitudinal 
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section, 5 to 60 µm in long-transverse section and 3 to 28 µm in short-transverse 
section. As listed in Table 4.4, the grain aspect ratio of 2.19 is the highest in long-
transverse section. The value of 2.08 is slightly lower in short-transverse section, and 
is significantly lower in longitudinal section, at 1.25, revealing that the alloy sheet has 
a typical pancake shape grain structure, elongated along the rolling direction. 
 
Table 4.4 Grain size and grain boundary misorientation. 
 Longitudinal Long-transverse Short-transverse 
Grain number / mm
2
 5.1×10
3
 7.6×10
3
 21.9×10
3
 
Grain length in long-axis (X) 20.16 20.16 11.12 
Grain length in short-axis (Y) 16.15 9.18 5.35 
Grain aspect ratio (X/Y) 1.25 2.19 2.08 
Low angle boundary (≤15°) / % 11.30 19.89 32.95 
High angle boundary (>15°) / % 88.70 80.11 67.05 
 
Grain boundary is characterized in terms of misorientation. Grain boundary with 
misorientation > 15° is categorized as high angle grain boundary (HAGB). Grain 
boundary with misorientation ≤ 15° is categorized as low angle grain boundary 
(LAGB). In all three sections, most of grain boundaries are high-angle grain 
boundaries (Table 4.4). The alloy sheet exhibits the highest percentage of high-angle 
grain boundary in short-transverse section and the lowest percentage in longitudinal 
section.  
 
Figure 4.24 (a) displays the characteristic distribution of grain boundary 
misorientations in a completely randomly oriented set of grains for face centred cubic 
material [125, 126]. The value of grain boundary misorientation ranges from 0 to 65°. 
The frequency of distribution varies as misorientation value changes. It first gradually 
goes up from 0, reaches the highest point 4% at grain boundary misorientation of 45°, 
and then decreases sharply back to 0. The histogram of distribution of the measured 
grain boundary misorientation in longitudinal section in the AA2024 alloy is shown in 
Figure 4.24 (b). It exhibits similar trend as the curve in Figure 4.24 (a). The lengths of 
columns increase slowly at 0 to 25°, then show a dramatic increase, and drop back to 
0 after the highest point. The only difference between the two distributions is that a 
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slightly higher frequency value at 0 to 5° is evident in Figure 4.24 (b) for the rolled 
AA2024-T3 alloy. The difference can be attributed to the cold rolling process. It may 
cause slight texture in the alloy though annealing is applied to the alloy after cold-
rolling. However, considering the same trend shared by the two graphs to a large 
extent, grains in the rolled AA2024 alloy are randomly oriented. 
 
4.3.2 Grain orientation and grain stored energy 
 
Figure 4.25 (a) shows scanning electron micrograph of the alloy surface after argon 
gas plasma sputtering. Voids are found on the surface, either due to pulling-out of 
intermetallic particles during mechanical polishing or preferential etching of 
intermetallic particles during sputtering. Preferential etching also took place on grains 
of certain orientation. As shown in Figure 4.25 (a), the alloy surface within grain B 
appears lower than surrounding region, suggesting that grain B exhibited relatively 
high etch rate during sputtering. The boundaries between grain B and surrounding 
grains are clearly revealed, e.g. grain boundary BC between grain B and C. 
 
Crystallographic orientation map of the same area was reconstructed from EBSD data 
and is displayed in Figure 4.25 (b). By reconstruction, grains were further divided into 
smaller regions of similar orientation („subgrains‟). VMAP, the EBSD data analysis 
software, allows „dividing‟ to be carried out using two methods, i.e. relative 
referencing and absolute referencing. For absolute referencing, the decision as to 
whether a pixel belongs to a particular grain or „subgrain‟ is made on the basis of the 
misorientation of the pixel versus an original reference pixel. If the misorientation is 
less than the HAGB setting (15° in the present study) then the pixel is deemed to 
belong to the grain. If the misorientation is less than the LAGB setting (1.0° in the 
present study) then the pixel is deemed to belong to the „subgrain‟. If the 
misorientation is higher than LAGB setting but less than HAGB setting then the pixel 
is deemed to belong to another „subgrain‟ within the same grain. The central pixel in a 
map was chosen as the reference point.  
 
For relative referencing, the misorientation between adjacent pixels is the determining 
factor. If the misorientation is less than the HAGB setting then the two pixels belong 
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to the same grain. If the misorientation is less than the LAGB setting then the two 
pixels belong to the same „subgrain‟. If the misorientation is higher than LAGB 
setting but less than HAGB setting then the pixels belong to different „subgrains‟ 
within the same grain and a „subgrain‟ boundary is given between the two pixels.  
 
The map in Figure 4.25 (b) was reconstructed using the method of absolute 
referencing, with „subgrains‟ filled with random colours. Two grains, scribed by 
dotted red lines and designated as grains A and B, are further divided into smaller 
regions of similar crystallographic orientation. Two „subgrains‟ are evident in grain A 
and three in grain B. As to be mentioned, such phenomenon of grain subdividing is 
caused by gradual orientation changing.  
 
Figure 4.25 (c) shows misorientation map of the alloys surface. A short line is drawn 
between two pixels where misorientation is higher than 1.0° (the set value of low 
angle grain boundary threshold), indicating sharp misalignment between two 
neighbouring pixels within the same grain. These misorientations are typically 
measured to be between 1.0° to 2.0°. The density of misorientations, namely the 
number of misorientation per unit area within one grain, reflects the density of 
dislocations in a grain.  
 
The density of misorientations can be represented by grain stored energy. The mean 
energy associated with each pixel is determined by its misorientation to the adjacent 
pixels (ignoring misorientations less than the set minimum). Read-Shockley equation 
is used for the calculation: 
 
γs = γ0 θ (A – ln θ) 
 
where θ = b/h, γ0 = Gb/4 π(1-ν), A = 1 + ln (b/2 πr0), G is the shear modulus, ν is 
Poisson's ratio, and r0 is the radius of the dislocation core. The stored energy increases 
as misorientation angle increases. Further, a map, in which the stored energy of the 
pixels within each grain is averaged, is plotted (sum of stored energy from all 
misorientations with a grain divided by the grain area), as shown in Figure 4.25 (d). 
Grains are filled with varied brightness. It is brighter where the misorientation density 
 75 
is higher and darker where the density is lower. Thus, the brightness of each grain 
reflects the misorientation density and the stored energy of the grain. 
 
From Figure 4.25 (d), it is understood that there is significant difference in stored 
energy among grains. Grain A shows the brightest area in the map, indicating the 
highest density of misorientation and the highest stored energy. It is clearly revealed 
that grains with high density of misorientations are not necessarily those have the 
most „subgrains‟. For example, having more „subgrains‟ within it, grain B is relatively 
dark with compared with grain A. A relationship between the grain stored energy and 
the intergranular corrosion susceptibility is discussed in Chapter 7. 
 
Apart from sharp misalignment between two neighbouring pixels within the same 
grain, there is also gradual orientation changing leading to the accumulation of small 
misalignment. Scanning electron micrograph of a further 10.8 µm × 8.1 µm area is 
shown in Figure 4.26 (a). Two intermetallic particles and a string of voids around 2 
µm in diameter are evident. EBSD mapping was carried out in this area. Figure 4.26 
(b) displays the band contrast map generated from EBSD data. It is clearly revealed 
that a grain boundary (black line, designated as AB) cross through the middle of voids. 
As reported in Section 4.2, grain boundary is a preferential site for precipitation of 
intermetallic phase so the voids are likely to be caused by removal of small grain 
boundary precipitates during plasma etching.  
 
Maps of crystallographic orientation are shown in Figures 4.26 (c)-(d) by depicting 
orientation of each pixel in 256 grey level and colour scheme, respectively. The 
colour change between two pixels represents change in orientation. It is clearly 
revealed that grain orientation varies gradually through the examined area.  
 
Reconstructed maps of crystallographic orientation are produced (Figures 4.26 (e)-(f)). 
The map, reconstructed using the method of absolute referencing, the same method as 
Figure 4.25 (b), is shown in Figure 4.26 (e), and that reconstructed using the method 
of relative referencing is shown in Figure 4.26 (f). The threshold value for low angle 
grain boundary in Figure 4.26 was set as 1.0°. Only one high angle grain boundary is 
evident in Figure 4.26 (f), suggesting that the misorientation between adjacent pixels 
is less than the threshold value. However, a number of „subgrains‟ are revealed in 
 76 
Figure 4.26 (e), suggesting that the „subgrain‟ regions have misorientation higher than 
1.0° with respect to the central reference pixel. For example, misorientation between 
pixel B (inside the yellow „subgrain‟) and pixel A is 1.2° and misorientation between 
pixel C (inside the green „subgrain‟) and pixel A is 1.3°. This is consistent with the 
gradually changing crystallographic orientation shown in Figures 4.25 (c)-(d). The 
grain orientation gets more and more misaligned with respect to the reference pixel as 
moving away in certain directions. When the misalignment reaches 1.0°, the pixel is 
considered as „subgrain‟ boundary pixel. What needs to be taken care of is the 
„subgrains‟ illustrated in Figures 4.25-4.26 does not mean true metallurgical subgrains 
but can be described as islands of relatively high misorientation from the reference 
pixel. 
 
The misorientation inside grains can be explained by TEM examination of the 
AA2024-T3 alloy sheet. Figure 4.27 shows transmission electron micrograph of a 
twin-jet electropolished thin foil of the alloy, revealing a triple junction of grain 
boundaries. Significant amount of dislocations are found in grain A but absent in 
grain B and C, indicating that the distribution of dislocations is not uniform 
throughout grains in the alloy. Figure 4.28 shows transmission electron micrograph of 
the dislocations at increased magnification. It is clear that most of the dislocations 
intersect each other. 
 
4.4 Discussion 
4.4.1 Clustered S-phase and θ-phase particles 
A. Homogenization 
 
Intermetallic phases are present in the alloy as fine precipitates, dispersoids and 
constituent particles. Constituent particles (often termed as coarse particles) have a 
relatively large size compared with the other two types, ranging from several microns 
to tens of microns. Three types of constituent particles are found: S-phase, θ-phase 
and Al-Cu-Mn-Fe-Si phase. They formed interdendritically by eutectic decomposition 
of the Al-Cu-Mg alloy solution during ingot solidification [9]. S-phase and θ-phase 
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formed as equilibrium phases according to the Al-Cu-Mg ternary phase diagram [127, 
128]. In the ingot, they appear as lacy networks surrounding cast grains. 
 
Clustering between S-phase and θ-phase particles is revealed, as shown in Section 
4.1.4. Within a cluster, S-phase and θ-phase particles are closely packed together with 
no space existing between two neighbouring particles. The smallest cluster is 5 µm in 
diameter, comprised of only two particles. The largest one is 20 µm in diameter, 
comprised of tens of particles. In a cluster, θ-phase and S-phase particles are around 2 
µm in diameter. The size is similar to that of the microstructure of interdendritical 
segregation that is present in the cast state of aluminium alloy. Thus, it is suggested 
that a cluster of S-phase and θ-phase particles is originally a part of the lacy network 
of interdendritical segregation. 
 
During homogenization, changes in phase composition and particle geometry occur in 
the lacy network of intermetallic phases. In the eutectic structure of S-phase and θ-
phase, alloying elements magnesium and copper were highly enriched. Therefore, 
magnesium and copper in aluminium matrix were far from saturation. It is generally 
agreed that alloying elements with a sufficient solubility in aluminium migrate from 
constituent particles to matrix during homogenization due to the increased mobility of 
atoms at elevated temperature [2, 3, 129, 130]. For S-phase and θ-phase, because 
copper and magnesium have relatively high solubility in aluminium matrix, 
significant dissolution of S-phase and θ-phase intermetallic phases occurred, resulting 
in reduction of the lacy network in size and rounding-up in shape [10]. The S-phase/θ-
phase volume ratio was adjusted after homogenization. Parts of eutectic structure 
which survive the homogenization become clusters of S-phase and θ-phase particles. 
 
Similar phase transformation during homogenization has been reported by a number 
of researchers in other aluminium alloys. According to Li [131, 132], in 7B04 super-
high strength aluminium alloy, the Al-Zn-Mg-Cu-containing non-equilibrium 
solidified eutectics dissolve into the matrix, coarsen and also transform into 
equilibrium Al2CuMg phase during homogenization. Other authors [2, 3, 131] also 
report phase transformation phenomenon homogenization due to the fact that a 
considerable amount of non-equilibrium solidified eutectics exist in the as-cast alloy 
after ingots are produced by direct chill casting. 
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To dissolve the intermetallic phases that had been rejected interdendritically during 
solidification is one step toward providing maximum workability. However, since a 
maximum amount of the solute was in solid solution after the homogenization, solid 
solution strengthening effect is significant. Further improvement in workability was 
obtained by slow cooling. The solute atoms precipitated and coalesced as an 
intradendritic distribution of fairly large particles. In such a way, the alloy was 
softened. Considering the relatively lower activity of solute atoms in solid state, S-
phase and θ-phase particles that formed during cooling should be smaller than 
intermetallic clusters that formed during solidification. Also, the S-phase and θ-phase 
particles formed during cooling are supposed to be single in presence. A portion of 
the S-phase and θ-phase particles may disappear in the following solution heat 
treatment step. In the present study, small single S-phase and θ-phase particles are 
revealed, as shown in Figures 4.4 (a)-(d). They are likely the particles that formed 
during the cooling period.  
 
B. Hot rolling and annealing after cold rolling 
 
After sufficient workability was achieved in the alloy during homogenization and 
cooling, hot rolling and cold rolling were applied. Operation temperature, normally 
100 °C below solidus, was employed in hot-rolling and the annealing step 
(recrystallization) after cold-working, as stated in Table 4.5. Little phase 
transformation was supposed to occur due to the decreased mobility of atoms at 
relatively low temperature. However, a cluster of S-phase and θ-phase particles was 
broken into smaller clusters in the rolling step. 
 
Table 4.5 Key temperatures for AA2024-T3 aluminium alloy [2, 3, 129, 130] 
Melting point 502 – 638 °C 
Solidus 502 °C 
Liquidus 638 °C 
Annealing temperature 413 °C 
Solution temperature 493 °C 
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C. Solution heat treatment 
 
Solution heat treatment (SHT) was another period at elevated temperature during the 
thermo mechanical process. The purpose of SHT is to obtain the maximum practical 
concentration of the hardening solutes such as copper, magnesium in solid solution. 
The operation temperature was close to the solidus so copper and magnesium in S-
phase and θ-phase particles were dissolved into aluminium matrix. Therefore, the 
smaller clusters formed during hot and cold rolling likely lost part of the intermetallic 
phases by diffusion of Mg and Cu into aluminium matrix. However, considering the 
fact that the concentration of Cu and Mg in aluminium was already high after 
homogenization, relatively small amount of the solute could dissolve from 
intermetallic particles to the matrix. 
 
To summarise, a cluster of S-phase and θ-phase particles originally formed as a part 
of the lacy network of interdendritical segregation during solidification. The eutectic 
structure of S-phase and θ-phase evolved into the form of clustered particles during 
homogenization. An intermetallic cluster was broken into smaller clusters by hot 
rolling and cold rolling. These small clusters lost part of the intermetallic phases in 
solution heat treatment. However, they survived SHT due to the fact that sufficient 
copper and magnesium in the aluminium matrix slowed the dissolution of the solute 
from intermetallic particles to the matrix. 
 
4.4.2 Silicon content within single Al-Cu-Fe-Mn-(Si) particle 
 
An interesting observation associated with Al-Cu-Fe-Mn-(Si) particles is that various 
silicon contents were detected at different parts of a single α-phase particle, as shown 
in Figure 4.6. Since accelerating voltage of 20 kV was employed in the experiment, it 
allowed X-ray signal to be generated from a interaction volume larger than the depth 
of Al-Cu-Fe-Mn-(Si) particle (matrix aluminium is underneath). Thus, there are two 
possibilities leading to the change in detected silicon: compositional change with 
position in the particle; depth variation with position in the particle.  
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For the second possibility, we assume that the Al-Cu-Fe-Mn-(Si) particle is relatively 
thin at position 4 and relatively thick at position 2. At position 4, x % of the detected 
X-ray signal was from the particle and (100-x) % was from the matrix beneath the 
particle. At position 2, more than x % of the detected signal was from the intermetallic 
phase and matrix contributed less than (100-x) %. Considering that the amount of 
silicon in aluminium matrix is nearly zero, all silicon signal detected by EDX was 
surely generated from the intermetallic particle. More signals from the intermetallic 
phase at position 2 explains why more silicon was detected. But, in the same way, 
more manganese and silicon were expected at position 2. On the contrary, it is noticed 
that more manganese and iron were detected at position 4 than that at position 2. 
Hence, the above assumption is not correct and the second possibility is eliminated. 
The right explanation is that the composition varies within the particle. The particle is 
rich in manganese and iron at position 4 and rich in silicon at position 2. 
 
Though different parts of an Al-Cu-Fe-Mn-(Si) particle exhibited varied content of 
silicon, they belong to the same single particle. Al-Cu-Fe-Mn-(Si) particles formed as 
non-equilibrium phase during solidification. Alloying elements including Cu, Fe and 
Mn were enriched in the intermetallic phase. So, such elements were far from 
saturation in aluminium solid solution. During thermo-mechanical process, Cu, Fe 
and Mn atoms diffused from the outer part of an Al-Cu-Fe-Mn-(Si) particle to 
aluminium matrix due to the difference in concentration of Fe and Mn between the 
intermetallic particle and the matrix. Regions of equilibrium phases, including pure 
silicon or silicon-rich intermetallic phase, formed within the particle after the 
processing [9, 133]. But the solubility of Fe and Mn is low in the aluminium so 
migration of the alloying elements only occurred to a small part of the particle. This 
explains why the shape of Al-Cu-Fe-Mn-(Si) particles is still angular. 
 
4.4.3 Grain boundary precipitations 
 
The distribution of precipitates at grain boundary was investigated using transmission 
electron microscopy. θ-phase precipitates were found in three existence forms in the 
alloy. The majority of them are fine needle-like θ-phase precipitates. Several issues 
should be addressed on the precipitates: 
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Firstly, according to other researchers [2, 3, 129], grain boundaries are preferential 
places for precipitates to nucleate due to the relatively high density of defects in the 
grain boundary region. Consistent with this, fine needle-like precipitates were mainly 
found along grain boundary. No precipitates were found in the aluminium matrix in 
the present study (Figures 4.27 and 4.28). 
 
Secondly, the fine needle-like precipitates were θ-phase instead of its precursors θ‟-
phase or θ‟‟-phase. This is consistent with Vaughan‟s work on grain boundary 
precipitation in Al-4% alloy [134-136]. It was pointed out that θ‟-phase (and also θ‟‟-
phase) and θ-phase have different coherence with matrix aluminium lattice. θ-phase is 
not coherent with aluminium matrix at all and has a high interface energy and low 
strain energy; θ‟-phase is half coherent with matrix lattice and has a low interface 
energy and high strain energy. Thus, to achieve relatively low energy state of 
aluminium alloy system, θ‟-phase and θ‟‟-phase mainly precipitate in low angle grain 
boundary (grain boundary misorientation less than 9~11°) and special grain boundary 
(or Σ grain boundary, detailed in Chapter 7); θ-phase mainly precipitates in high angle 
grain boundary. From EBSD examination in the present study, it is clear that most of 
the grain boundaries in AA2024-T3 have a high angle misorientation (misorientation 
angle larger than 15°). Such high angle grain boundaries provides favourable sites to 
grain boundary precipitation of θ-phase particles rather than θ‟ and θ‟‟ particles. 
 
Thirdly, the grain boundary precipitates also existed in the forms of medium-size 
needle-like precipitates and relatively large dispersoid-related precipitates. These 
particles shared the same microstructure with fine needle-like θ-phase precipitates but 
were larger in size. Fine needle-like precipitates formed during aging after solution 
heat treatment. A few of them coarsened in the aging process. If a grain boundary was 
intersected by dispersoids, it is thought copper atoms could migrate from the Cu-
containing dispersoids (Al20Cu2Mn3) and diffuse along grain boundary. Such 
migration is supposed to provide a favourable high copper content for coarsening of 
fine θ-phase particles. The coarsened θ-phase particles were connected to dispersoids.  
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4.4.4 Grain stored energy 
 
High density of dislocations was revealed in the AA2024-T3 alloy by TEM 
examination, indicating stress and strain in grains. Dislocations generally appeared as 
helices, loops, or tangles (Figure 4.28). Their development was influenced by the 
thermomechanical processing of the material.  
 
Firstly, according to Hunter etc. [130], during quenching after solution heat treatment, 
dislocations are generated as a result of quenching strains and the condensation of 
excess vacancies. Their number depends on solute concentration, which controls 
vacancy concentration to a large extent. Dislocations are also developed at constituent 
or dispersoid particles, because of differential contraction during the quench. 
Secondly, T3 temper was employed in the thermomechanical processing. T3 stands 
for a mechanical stretching after solution treatment. As Hunsicker wrote in his book 
[129], T3: „Solution heat treated, cold worked, and naturally aged to a substantially 
stable condition. Applies to products that are cold worked to improve strength, or in 
which the effect of cold work associated with flattening or straightening is recognized 
in applicable specifications. Different amounts of cold work are denoted by a second 
digit.‟ The amount of dislocations is in proportion to the amount of deformation. 
Thirdly, during aging, the dislocations decrease in number, but some remain to 
contribute to strength. In Al-Cu alloys, the dislocations act as sites for precipitation, 
and the precipitate plates are finer and more numerous than without cold working [2, 
3, 129, 137]. 
 
Distribution of dislocations is not uniform throughout grains, with a relatively high 
density of dislocations revealed in some grains, as shown in the TEM results in Figure 
4.27 and EBSD results in the Figure 4.26. To explain this, a model is proposed in 
association with gradual orientation changing and sharp orientation changing within 
grains. In quenching and cold working of the alloy after solution heat treatment, 
plastic deformation occurred by dislocation slip. It took place in fcc crystals along the 
close packed plane of type {111} and the direction is of type <110> [138, 139]. Parts 
of the crystal lattice glided along each other in the process, resulting in a changed 
geometry of the material. Slip occurred in individual grains at different level. The 
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difference results in strain inside each grain (dislocations) and distortion at grain 
boundary.  
 
If the orientation of a grain is favourable for dislocations to slip, geometry changing 
and rotation is achieved. Also, the dislocation density increases due to the formation 
of new dislocations and dislocation multiplication [140, 141]. Relatively high strain, 
stress and stored energy are expected in such grains. If the orientation of a grain is 
unfavourable for dislocations to slip, geometry changing and rotation is difficult. 
Gradual orientation changing occurred in such grains. Relatively few dislocations, 
low strain, stress and stored energy are expected in such grains.  
 
There is a strong relationship between high stored energy and the susceptibility to 
intergranular corrosion, as will be discussed in Section 7.3.3 and 7.5.4. Non-uniform 
distribution of dislocations results in non-uniform distribution of grain stored energy 
through the alloy surface, leading to different susceptibility to intergranular corrosion 
among grains. 
 
4.5 Summary 
 
1. Three intermetallic phases were identified in AA2024-T3 aluminium alloy, i.e. S-
phase (Al2CuMg), θ-phase (Al2Cu) and α-phase (Al-Cu-Fe-Mn-(Si)), accounting 
for 48.72%, 15.38% and 35.90% of the population of intermetallic particles, 
respectively. 
2. Clusters of S-phase and θ-phase particles were supposed to form interdendritically 
during the solidification of alloy ingot and survived the subsequent thermo 
mechanical processes. 
3. Al-Cu-Fe-Mn-(Si) particles have the second largest population. Dispersoid-free 
zone was not evident in the surrounding area of the particles. 
4. θ-phase (I4/mcm, a=0.607 nm, c=0.487 nm) precipitates were revealed in three 
existence forms along the grain boundary in AA2024-T3 aluminium alloy: fine 
needle-like precipitates; medium-size needle-like precipitates; and relatively large 
dispersoid-related precipitates. The majority of the precipitates were fine needle-
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like precipitates. When the grain boundary plane is parallel with the electron beam, 
the projections of fine needle-like precipitates overlap with each other on the 
image plane, appearing as a continuous band. 
5. Most of grain boundaries were high-angle grain boundaries in all the three 
sections (longitudinal section, long-transverse section and short-transverse section) 
of the cold-rolled AA2024-T3 aluminium alloy. The alloy sheet exhibits the 
highest percentage of high-angle grain boundary in short-transverse section and 
the lowest percentage in longitudinal section. The histogram of distribution of the 
grain boundary misorientation in longitudinal section exhibited similar trend to the 
characteristic distribution of boundary misorientation in a completely randomly 
oriented set of grains for face centred cubic material. The highest distribution 
frequency of misorientation appeared between 40° and 50°.  
6. From grain orientation mapping, two types of orientation changing were found 
within grains. In grains where gradual orientation was obvious, misorientation 
between two neighbouring pixels was very small. In grains where sharp 
misorientation was noticeable, misorientation between two neighbour pixels was 
bigger than LAGB setting. Sharp misorientation was related to the high density of 
dislocations formed by quenching and mechanical stretching after solution heat 
treatment of the alloy. The distribution of dislocations was not uniform due to the 
non-uniform deformation of individual grains, resulting in non-uniform 
distribution of grain stored energy. 
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Figure 4.1 Scanning electron micrograph of a mechanically polished cross-section of 
AA2024-T3 aluminium alloy sheet. 
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Figure 4.2 Scanning electron micrograph of mechanically polished AA2024-T3 
aluminium alloy surface. 
 
   
   
Figure 4.3 (a)-(d) EDX spectra of typical intermetallic phases in AA2024-T3 
aluminium alloy. 
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Figure 4.4 (a)-(d) Scanning electron micrographs of AA2024-T3 alloy surface, revealing single and clustered S-phase and θ-phase particles. 
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Figure 4.5 (a) Scanning electron micrograph of a single Al-Cu-Mn-Fe-(Si) particle; (b) 
EDX spectrum of the particle. 
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Figure 4.6 (a) Scanning electron micrograph of an Al-Cu-Mn-Fe-(Si) particle, 
revealing different intensities of BSE image at the particle; and (b)-(e) EDX spectra of 
the particle. 
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Figure 4.7 Transmission electron micrograph of a twin-jet electropolished thin foil of 
AA2024-T3 aluminium alloy, revealing two Al-Cu-Mn-Fe-(Si) particles. 
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Figure 4.8 Scanning electron micrographs of clusters of S-phase and θ-phase 
intermetallic particles: (a) at low magnification; (b) SE image at increased 
magnification; and (c) BSE image at increased magnification. 
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Figure 4.9 (a) Scanning electron micrograph of a cluster of S-phase and θ-phase 
particles; and (b)-(c) EDX spectra of the cluster. 
 
 
Figure 4.10 (a) Scanning electron micrograph of a cluster of S-phase and θ-phase 
particles; and (b)-(c) EDX spectra of the cluster. 
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Figure 4.11 (a) Transmission electron micrograph of an ultramicrotomed thin foil of 
AA2024-T3 alloy, revealing a cluster of S-phase and θ-phase particles; and (b)-(d) 
EDX spectra of the cluster and the surrounding alloy matrix. 
 
 
Figure 4.12 Transmission electron micrograph of an ultramicrotomed thin foil of 
AA2024-T3 alloy, revealing a cluster of S-phase and θ-phase particles. 
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Figure 4.13 BF transmission electron micrograph of a triple junction of grain boundary and dispersoids: (a) general view; (b) increased 
magnification. DF images of a similar region: (c) general view; (d) increased magnification; and (e)-(h) EDX spectra of the dispersoid particles.
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Figure 4.14 Transmission electron micrograph of a grain boundary and dispersoids. 
 
Figure 4.15 (a)-(c) Transmission electron micrographs of dispersoid-related grain 
boundary precipitates; (d) lattice image of the precipitate; (e) EDX line scan across 
the precipitate; and (f) FFT of the lattice image. 
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Figure 4.16 Transmission electron micrographs of grain boundary precipitates: (a) general view; and (b) increased magnification. 
 
Figure 4.17 Dark field transmission electron micrographs of grain boundary precipitates: (a) general view; and (b)-(c) increased magnification.
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Figure 4.18 (a) Bright field transmission electron micrograph of a thin foil of 
AA2024-T3 alloy, revealing grain boundary precipitates; (b) dark field TEM image, 
revealing a precipitate at increased magnification; (c) EDX line scan across the 
precipitate; (d)-(e) lattice images of the precipitate; and (f) FFT of the lattice image. 
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Figure 4.19 (a)-(c) Dark field transmission electron micrographs and (d) EDX line scan of grain boundary precipitates. 
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Figure 4.20 Transmission electron micrographs of grain boundary precipitates: (a) 
dark field image; (b) bright field image at 5° tilting; and (c) bright field image at 15° 
tilting.
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Figure 4.21 (a)-(b) Lattice image of fine needle-like grain boundary precipitates; and 
(c) FFT from lattice image (b). 
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Figure 4.22 Dark field transmission electron micrograph of a narrow band at grain 
boundary, revealing non-uniform distribution of grain boundary precipitates. 
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Figure 4.23 Euler colour orientation maps of AA2024-T3 alloy in longitudinal, long-
transverse and short-transverse sections. 
 
 
Figure 4.24 Distribution histogram of grain boundary misorientation in AA2024-T3 
alloy: (a) random distribution of cubic metal material by theoretical calculation; and 
(b) measured distribution. 
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Figure 4.25 (a) Scanning electron micrograph; (b) Euler colour orientation map; (c) misorientation map; and (d) grey scale grain energy map of 
plasma etched AA2024-T3 alloy. 
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Figure 4.26 (a) Scanning electron micrograph of AA2024-T3 aluminium alloy surface; (b) band contrast map; (c) orientation map in grey scale; 
(d) orientation map in relative Euler colour; (e) reconstructed orientation map with absolute reference; and (f) reconstructed orientation map with 
relative reference. 
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Figure 4.27 Transmission electron micrograph of a triple junction of grain boundary, 
showing high density of dislocations in grain A. 
 
 
Figure 4.28 Transmission electron micrograph of a twin-jet electropolished thin foil of 
AA2024-T3 alloy, revealing the high density of dislocations. 
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Chapter 5 Corrosion Behaviour of Constituent Intermetallic 
Particles 
 
As stated in Chapter 4, various intermetallic particles are present in AA2024-T3 
aluminium alloy. Corrosion behaviour of aluminium alloys is strongly influenced by 
the electrochemical natures of intermetallic particles. There is a need to understand 
how different intermetallic phases response when the alloy is exposed to environment. 
 
The first aim of this Chapter is to understand the corrosion behaviour related to single 
intermetallic particles, including dealloying of S-phase particles and trenching in the 
periphery of S-phase particles and Al-Cu-Fe-Mn-(Si) particles. Clusters of S-phase 
and θ-phase particles were also examined to investigate the corrosion behaviour of an 
intermetallic phase when it is grouped with another. Copper deposition on θ-phase 
particles, Al-Cu-Fe-Mn-(Si) particles and dealloyed S-phase particles is also 
discussed. SEM was employed to provide morphological information on alloy surface 
before and after corrosion testing. EDX analysis was carried out to determine the 
compositional change in intermetallic particles. AFM was used to examine 
topographical variation introduced by the reactions of intermetallic phases in NaCl 
solution. TEM examination was carried out on dealloyed S-phase particles and their 
periphery region. 
 
5.1 Behaviour of single intermetallic particles 
5.1.1 Dealloying of S-phase particles 
 
Figure 5.1 shows the scanning electron micrographs of mechanically polished 
AA2024 aluminium alloy before and after immersion in 0.5 M NaCl solution for 15 
minutes. Two intermetallic particles are present in the images but surface activities 
were mainly associated with particle A. The particle maintained its shape after 
immersion but with reduced size. As indicated in the micrograph, its dimension has 
reduced from 5.1 µm to 4.7 µm. Cracks were formed in the particle, likely due to 
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dehydration of corrosion product after the specimen was dried. Also, trenching is 
evident around the particle except for the top region. 
 
Pre-testing EDX analysis was conducted at the central position of the active particle, 
as listed in Table 5.1, indicating that it has a chemical composition of 75.2% 
aluminium, 12.9% copper, 10.3% magnesium and 1.6% oxygen. The ratio of 
magnesium to copper is 0.8, lying in the composition window for S-phase (0.63 – 1.0) 
(See Section 4.1.2). Thus, it is identified as an Al2CuMg particle. After immersion, 
EDX analysis was conducted at exactly the same position of the particle. Clearly, 
there is profound decrease in magnesium content with relatively constant copper 
content, indicating the particle was depleted of magnesium during immersion. The 
content of aluminium has decreased slightly from 75.2% to 71.9%, indicating that the 
particle was also dealloyed of aluminium. Corrosion product has deposited on the 
dealloyed intermetallic particle, leading to significant increase in oxygen content, 
from 1.6% to 14.7%.  
 
Table 5.1 EDX analysis of a single S-phase particle before and after immersion 
Element (at. %) Al Cu O Mg 
0 minute 75.2 12.9 1.6 10.3 
15 minutes 71.9 11.6 14.7 1.8 
 
The surface roughness of the aluminium alloy after immersion was characterized by 
AFM. 2D topographic maps are shown in Figures 5.2 (a) and 5.3 (a). The brightness 
scale is illustrated on the right of the maps, indicating that brighter regions are higher 
than darker regions. 3D maps of the area are displayed in Figures 5.2 (b) and 5.3 (b). 
From both 2D and 3D maps, trenching is evident around the S-phase particle shown 
in Figure 5.3. The particle in Figure 5.2 induced only half-trenching, indicating that 
development of the trench was not uniform in the particle‟s periphery. 
 
Thin foils of AA2024 aluminium alloy were generated by ultramicrotomy. The 
freshly generated foils were immersed in deionised water for 1 minute before TEM 
examination. Figure 5.4 (a) shows transmission electron micrograph of one of such 
thin foils, illustrating a partially dissolved S-phase particle. The nano-scale particle-
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like structure of the dealloyed S-phase particle is displayed at increased magnification 
in Figures 5.4 (c)-(d). The size of the nano-scale particle ranges from 5 nm to 20 nm. 
Selected area diffraction of the dealloyed region in S-phase particle is shown in Figure 
5.4 (b). The diffraction pattern is made up of discontinuous concentric rings, 
indicating a polycrystal structure of the S-phase particle after corrosion. By measuring 
the distance from the centre of diffraction pattern to the rings, d-spacings can be 
calculated. They are all consistent with d-spacing values in body centred cubic copper, 
indicating that S-phase transformed into pure copper phase after dealloying of 
aluminium and magnesium. Attack in aluminium matrix is also revealed with cellular 
texture forming close to the intermetallic particle. The cells in the texture become 
smaller as located farther away from the particle and finally disappear. Apparently, 
attack in the intermetallic particle and matrix is more severe on one side of the particle. 
 
5.1.2 Trenching around single Al-Cu-Fe-Mn-(Si) particles 
 
The Al-Cu-Fe-Mn-(Si) particle in Figure 5.1 has a diameter of 8.6 µm. Brightness 
variation is evident in the BSE image, indicating a variation in chemical composition. 
On the contrary to activities associated with S-phase particle, little change is observed 
on the Al-Cu-Fe-Mn-(Si) particle after corrosion testing in 0.5 M NaCl solution for 15 
minutes, suggesting relatively inert nature of Al-Cu-Fe-Mn-(Si) phase. 
 
Further corrosion activities associated with Al-Cu-Fe-Mn-(Si) particles were shown in 
Figure 5.5. Three coarse intermetallic particles are present in the examined region. 
Trenching is found around the lower part of particle 1 and upper part of particle 2. 
The upper part of particle 1, the lower part of particle 2 and particle 3 are intact, 
indicating localized corrosion occurred in different places at different time. Such 
phenomenon can be explained from two aspects. Firstly, the particle was partially 
buried beneath the alloy surface. The buried part was not in contact with environment. 
Secondly, aluminium lost electrons to the oxidant from solution during anodic 
dissolution of the matrix. It proceeded by electron conduction through flaws in the 
oxide film [25]. Flaws are introduced in the periphery of intermetallic particles during 
mechanical polishing due to the difference between intermetallic phase and matrix in 
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mechanical properties. Certain locations, where more flaws are present, become 
preferential sites for anodic dissolution. 
 
5.2 Behaviour of clustered intermetallic particles 
5.2.1 Clustered S-phase and θ-phase particles 
 
Figure 5.6 shows an optical micrograph of AA2024 aluminium alloy after immersion 
in 1.5 M NaCl solution for 40 minutes. A number of single particles are displayed on 
the left of the image, exhibiting localized attack. A cluster of coarse intermetallic 
particles, around 30 µm in diameter, is evident on the right of the image. Interestingly, 
localized corrosion occurred on part of the cluster. The rest of the cluster shows little 
evidence of attack.  
 
Scanning electron micrographs of AA2024 alloy after immersion in 1.5 M NaCl 
solution for 240 minutes is shown Figure 5.7, revealing a further cluster of 
intermetallic particles. EDX analysis was carried out on the cluster and its periphery. 
Again, it is evident that localized corrosion is associated with a portion of the particles. 
These particles exhibit a porous structure. Spectrum 1 from one of these particles 
exhibits peaks of O and Cu, indicating that they are S-phase particles dealloyed of 
magnesium and aluminium. Trenching was also revealed in the periphery of dealloyed 
S-phase particles. Spectrum 2 from the matrix exhibits peaks of O and Al, indicating 
that the matrix is covered with corrosion product. This is the same as the corrosion 
behaviour of single S-phase particles, suggesting consistent corrosion mechanism. 
Other particles in the cluster and their periphery matrix exhibit little evidence of 
corrosion. Spectrum 3 from one of these particles shows peaks of O, Cu and Al, 
indicating that they are aluminium- and copper- containing θ-phase. It is suggested 
that they have relatively inert nature with respect to S-phase particles.  
 
Localized corrosion associated with clustered S-phase and θ-phase particles was also 
examined by TEM. A 15 nm thin foil of AA2024 aluminium alloy was generated by 
ultramicrotomy and immersed in deionised water for 1 minute. Transmission electron 
micrograph of the thin foil revealed an area including a cluster of S-phase and θ-phase 
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particles, as displayed in Figure 5.8 (a). Corrosion occurred on a number of locations 
within the cluster and at the interface of intermetallic and aluminium matrix. One of 
the corrosion sites, framed in Figure 5.8 (a), is illustrated at increased magnification in 
Figure 5.8 (b). It is clearly revealed that the circular corroded area is mainly located 
within the intermetallic particle, but extending into the surrounding aluminium matrix. 
The inner region of the corroded area exhibits a porous structure comprised of nano-
scale particles. The morphology is similar to that shown in Figure 5.4 of the single S-
phase particle after selective dissolution of magnesium and aluminium. The outer 
region of the corroded area exhibits a texture structure, indicating dissolution of 
aluminium matrix.  
 
Corrosion site 2 is displayed in Figure 5.8 (c). Four grains, labelled as A, B, C and D, 
are evident. The corroded region in particle C exhibits a porous structure comprised of 
nano particles, indicating S-phase. Interestingly, unlike the circular shape of dealloyed 
regions found in Figure 5.1 and 5.8 (b), the round boundary of the porous structure 
here is interrupted by the interface between particle A and particle C. Dealloying is 
well restricted within particle C, with little development into the neighbouring particle 
A. From the low magnification image of Figure 5.8 (a), little morphological change is 
observed on particle A, indicating high corrosion-resistance. 
 
5.3 Copper re-deposition 
 
Figure 5.9 displays the scanning electron micrographs of AA2024-T3 alloy before and 
after immersion in 1.5 M NaCl solution for 15 minutes and 72 hours. A cluster of 
intermetallic particles has three levels of brightness at different parts, indicating three 
intermetallic phases. The one with medium brightness is Particle C, particle B exhibits 
relatively high brightness, and particle A exhibits relatively low brightness, indicating 
that the particle A is comprised of relatively light element. Figure 5.9 (b) shows the 
SEM image of the same intermetallic cluster after immersion for 15 minutes. 
Apparently, corrosion occurred on particle A. Particle B and C are relatively intact. 
EDX analysis was carried out on particle A, B and C. The analysis positions are 
pointed out by the arrows. The spectrum of particle C exhibits peaks of Al, Cu, Fe and 
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Mn, indicating α-phase. The spectrum of particle B exhibits peaks of Al and Cu, 
indicating θ-phase. The spectrum of particle A exhibits peaks of Al, Cu and Mg, 
indicating S-phase. The preferential attack on S-phase particle is consistent with 
previous observation in Section 5.2.1. Also, the strong Mg peak from particle A 
suggests that the S-phase particle was only partially dealloyed of Mg. Meanwhile, the 
relatively, inert nature of α-phase and θ-phase particles is consistent with the 
observation in Section 5.1.2 and 5.2.1. After immersion for 72 hours (Figure 5.9 (c)), 
deposition of nano particles is found on the three intermetallic particles. Aluminium 
matrix is with little deposition but extensively covered with corrosion product.  
 
The deposit was examined by EDX mapping. The scanning electron micrograph of 
AA2024 alloy after immersion in 1.5 M NaCl solution for 56 hours is illustrated in 
Figure 5.10 (a). It is evident that nano particles are present on both of the two 
intermetallic particles. Elemental mapping was carried out on the same region, as 
displayed in Figures 5.10 (b)-(f) in the sequence of aluminium, manganese, iron, 
copper and magnesium. Copper map shows increased intensity at both intermetallics. 
However, such increased intensity in manganese map and iron map is only evident at 
the particles on the left, indicating that the one on the left is Al-Cu-Fe-Mn-(Si) phase 
and the one on the right is a θ-phase particle or dealloyed S-phase particle.  
 
Figure 5.11 shows other scanning electron micrographs of AA2024 alloy after 
immersion in 1.5 M NaCl solution for 4.5 days, revealing deposition of nano particles 
on intermetallic phase. These particles are present in clusters with diameter of ~ 100 
nm. They exhibit higher brightness than the intermetallic particles. 
 
Thin foils of heavily corroded AA2024 alloy were generated by ultramicrotomy and 
examined by TEM, as shown in Figure 5.12. The hole in Figure 5.12 (a) is supposed 
to be caused by removal of an intermetallic particle during ultramicrotomy. 
Interestingly, a string of particles with diameter of ~100 nm is present on the lower 
edge of the hole. They are likely nano particles similar to that deposited on 
intermetallic particles in the alloy surface. Some of the nano particles were examined 
at increased magnification, exhibiting varied thickness contrast at different parts of 
the particles, as shown in Figure 5.12 (b). EDX analysis was carried out, as shown in 
Figure 5.12 (f). The spectrum shows Cu peak much stronger than Al peak, indicating 
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the particle is highly rich in copper. (The Ni peak is from the TEM grit that supports 
the thin alloy foil.) 
 
An explanation is proposed for the phenomenon discussed above. As corrosion of the 
Al-Cu-Mg alloy proceeded, copper dissolved into aqueous environment as cupric ions 
(Cu
2+
) or cuprous ions (Cu
+
) from the alloy. After certain concentration of ions was 
reached, copper re-deposited back to the alloy surface as nano particles from the 
testing solution. Copper re-deposition preferentially took place on local cathodes, 
such as α-phase, θ-phase and dealloyed S-phase particles.  
 
5.4 Discussion 
5.4.1 Trenching around S-phase particles 
 
S-phase particles exhibited preferential corrosion during immersion in NaCl solution 
compared with other two intermetallic phases. The reason is that the open circuit 
potential (OCP) of S-phase in NaCl solution is more negative than that for AA2024-
T3 [37, 55], consequently these particles are anodically active at the OCP of AA2024-
T3 and undergo dissolution. 
 
S-phase particles maintained their shape after immersion but with reduced size. There 
was profound decrease in magnesium content with relatively constant copper content 
after the testing. Dealloyed S-phase particles exhibited porous structure comprised of 
5 – 20 nm large particles. The diffraction pattern of the dealloyed S-phase indicated a 
poly-crystalline structure. The d-spacings calculated from the diffraction pattern are 
consistent with those of body centred cubic copper. 
 
SEM and AFM examination of S-phase particles before and after immersion in NaCl 
solution also revealed trenching in the periphery of the particles, as shown in Figures 
5.1-5.3. Such phenomenon has been widely reported in literature [5, 10, 36, 44-46, 
49-51], as reviewed in Section 2.2.3 (2). This is most likely due to the switching of 
the S-phase from an anodic attack site to a cathode after the particle is enriched with 
copper. Cu and Cu-containing phases tend to have a more positive OCP than 
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AA2024-T3. For example the OCP of Cu at around -300 mVSCE is much more 
positive than AA2024-T3. There are various reports for the OCP of θ-phase in NaCl 
solution from around -480 mV [37, 55] to -650 mV [142] which spans the OCP of 
AA2024- T3. The remnant is therefore likely to be more positive than the OCP of 
AA2024-T3. Thus the dealloyed S-phase particles support cathodic reactions, leading 
to anodic corrosion of the adjacent aluminium matrix. 
 
Further, Figure 5.4 (a) show transmission electron micrograph of ultramicrotomed 
thin foil of AA2024 alloy after immersion in deionized water. With only one third of 
the S-phase particle dealloyed, attack was already formed in the periphery of the 
particle. It indicates that aluminium matrix started to trench at the early stage of 
dealloying of the S-phase particle, much earlier than the particle was completely 
converted to a local cathode. 
 
5.4.2 Behaviour of θ-phase particles in cluster with S-phase 
 
The corrosion behaviour of AA2024-T3 aluminium alloy is governed by 
electrochemical reactions between intermetallic particles and the surrounding 
aluminium matrix. The presence of S-phase (Al2CuMg) particles at the alloy surface 
alters the local properties of oxide film [143], providing favourable sites for the 
chloride to penetrate through the film and to initiate corrosion at the alloy surface. 
Further, the formation of air-formed oxide film on θ-phase (Al2Cu) particles leads to 
the development of a copper-rich thin layer, about 2-4 nm thick, at the particle/film 
interface, therefore, modification of the electrochemical properties of the alloys [144]. 
So, in the galvanic coupling established between the intermetallic particles and the 
surrounding aluminium matrix, θ-phase, together with aluminium matrix, serves as 
local cathode.  
 
Electrochemical data obtained by different researchers for the intermetallic phases in 
aluminium alloys are listed in Table 5.2 and 5.3. As suggested by the more recent data 
from Birbilis and Buchheit [37], corrosion potential of S-phase is in the general 
vicinity of about -0.85 to -0.9 VSCE in 0.1 M NaCl solution at pH = 2.5, 6 and 10. The 
other two electrode potentials in the micro electrochemical cell existing at a cluster of 
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S-phase and θ-phase particles are -0.69 V of aluminium matrix (equivalent of Al-
4%Cu supersaturated solid solution) and -0.53 V to -0.67 V of θ-phase. The largest 
electrochemical potential difference is between S-phase and θ-phase. Due to the 
significant difference in electrode potential, θ-phase provides the driving force for S-
phase dealloying. 
 
Further, only very short distance is present between the two phases within a cluster of 
S-phase and θ-phase particles. Solution resistance between the two phases is at its 
smallest value. This also contributes to the possibility of θ-phase particle serving as 
local cathode. Otherwise, if the solution resistance within the electrochemical circuit 
is significant, current is reduced, which means the dissolution rate of S-phase is 
reduced. 
 
Thus, clusters of S-phase and θ-phase particles are preferential sites for localized 
corrosion to initiate. 
 
Table 5.2 Electrode potentials of aluminium solid solutions and micro-constituents 
with respect to the 0.1 M calomel electrode in aqueous solutions of 53 g l
-1
 NaCl and 
3 g l
-1 
H2O2 at 25 °C (from Metals Handbook, volume 1, American Society for Metals, 
Cleveland, Ohio, 1961) 
Solid solution or micro-constituent Potential (V) 
Al2CuMg -1.00 
Aluminium (99.95%) -0.85 
Al-2% Cu supersaturated solid solution -0.75 
Al-4%Cu supersaturated solid solution -0.69 
Al3Fe -0.56 
Al2Cu -0.53 
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Table 5.3 Electrochemical data as a function of pH for intermetallic compounds (from 
N. Birbilis and R. G. Buchheit, Journal of The Electrochemical Society 155 (2008) 
C117 ) [37] 
Stoichiometry Phase pH Ecorr  (mVSCE) Epit (mVSCE) 
Current (A/cm
2
) at 
-900 mVSCE 
Al3Fe β 
2.5 -510 -50 -4.2 × 10
-5
 
6 -539 106 -1.6 × 10
-4
 
10 -408 40 -1.2 × 10
-4
 
12.5 -230 550 -1.1 × 10
-4
 
Al2Cu θ 
2.5 -546 -458 -3.8 × 10
-5
 
6 -665 -544 -4.1 × 10
-5
 
10 -739 -408 -1.1 × 10
-4
 
12.5 -743 -407 -3.8 × 10
-5
 
Al7Cu2Fe - 
2.5 -535 -451 -3.2 × 10
-4
 
6 -551 -448 -4.2 × 10
-4
 
10 -604 -420 -2.4 × 10
-3
 
12.5 -594 -410 -2.6 × 10
-3
 
Al2CuMg S 
2.5 -750 - -2.0 × 10
-5
 
6 -883 80 ±1 × 10
-5
 
10 -850 -390 ±1 × 10
-6
 
12.5 -670 -350 -3.6 × 10
-5
 
 
5.5 Summary 
 
1. S-phase particles exhibited preferential corrosion during immersion in NaCl 
solution compared with other two intermetallic phases. 
2. S-phase particles maintained their shape after immersion but with reduced size. 
There was profound decrease in magnesium content with relatively constant 
copper content after the testing. Dealloyed S-phase particles exhibited porous 
structure comprised of 5 – 20 nm large particles. Electron diffraction pattern of the 
dealloyed S-phase indicated a polycrystalline structure. The d-spacings measured 
from the diffraction pattern are consistent with body centred cubic copper.  
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3. The S-phase switched from an anode to a cathode after the particle is enriched 
with copper, inducing trenching in the periphery of the particle. 
4. Aluminium matrix started to trench in the periphery of S-phase particles at the 
early stage of dealloying, much earlier than the particle was converted to a local 
cathode. 
5. Al-Cu-Fe-Mn-(Si) particles exhibited a relatively inert nature during corrosion 
testing. Trenching was found in the periphery of the particles but took longer time 
to initiate than S-phase dealloying. 
6. Copper re-deposition were found on dealloyed S-phase, θ-phase and Al-Cu-Fe-
Mn-(Si) intermetallic particles after extended immersion, suggesting that coarse 
intermetallic particles are effective external cathode in localized corrosion of the 
alloy. Copper re-deposition was precipitation of a group of particles of around 100 
nm in diameter. 
7. During corrosion testing, localized corrosion at a cluster of S-phase and θ-phase 
particles was mainly associated with S-phase particles. S-phase particles exhibited 
a porous structure. Trenching was also evident in the periphery of dealloyed S-
phase particles. No dealloying in the neighbouring θ-phase particles was found. θ-
phase particles and their periphery matrix were intact, indicating their relatively 
inert nature with respect to S-phase. Due to a large electrochemical potential 
difference, the clusters of S-phase and θ-phase particles were subjected to the 
most severe corrosion and are the potential site for continuous localized corrosion. 
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Figure 5.1 Scanning electron micrographs of AA2024-T3 alloy: (a) before immersion; 
and (b) after immersion in 0.5 M NaCl solution for 15 minutes, revealing a dealloyed 
S-phase particle and an intact Al-Cu-Fe-Mn-(Si) particle. 
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(a)                                                                     (b) 
Figure 5.2 Atomic force micrographs of AA2024-T3 alloy after immersion in 0.6 M 
NaCl solution for 3.5 hours, revealing half-circle trenching at an S-phase particle: (a) 
2D image; and (b) 3D image. 
 
 
(a)                                                                 (b) 
Figure 5.3 Atomic force micrographs of AA2024-T3 alloy after immersion in 0.6 M 
NaCl solution for 1 hour, revealing whole-circle trenching at an S-phase particle: (a) 
2D image; and (b) 3D image. 
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Figure 5.4 Transmission electron micrographs of an ultramicrotomed foil of AA2024-T3 
alloy after immersion in deionised water for 1 minute, revealing a dealloyed S-phase particle: 
(a) general view; (c)-(d) at increased magnification; and (b) diffraction pattern of the 
dealloyed part of S-phase particle. 
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Figure 5.5 Scanning electron micrographs of AA2024-T3 alloy after immersion in 0.5 
M NaCl solution for 24 hours: (a) SE image and (b) BSE image, revealing trenching 
around Al-Cu-Fe-Mn-(Si) particles.
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Figure 5.6 Optical micrograph of AA2024-T3 alloy after immersion in 1.5 M NaCl for 40 minutes, revealing corrosion at a cluster of S-phase 
and θ-phase particles. 
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Figure 5.7 Scanning electron micrographs of AA2024-T3 alloy after immersion in 1.5 M NaCl for 240 minutes, indicating preferential 
dissolution of S-phase particles in a cluster of S-phase and θ-phase particles: (a) SE image; (b) BSE image; (c) image obtained using in-lens 
detector; and (d)-(f) EDX spectra of the cluster.
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Figure 5.8 Transmission electron micrographs of an ultramicrotomed foil of AA2024-
T3 alloy after immersion in deionized water for 1 minute, revealing preferential 
corrosion of S-phase particles in a cluster of S-phase and θ-phase particles: (a) at low 
magnification; (b)-(c) at increased magnification.
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Figure 5.9 Scanning electron micrographs of AA2024-T3 alloy: (a) before; (b) after 15 minutes; and (c) after 72 hours immersion in 0.5 M NaCl 
solution, revealing copper re-deposition on a cluster of S-phase / θ-phase / Al-Cu-Fe-Mn-(Si) particles.
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Figure 5.10 Scanning electron micrograph and EDX maps of intermetallic particles after immersion in 1.5 M NaCl solution for 56 hours: (a) SE 
image; (b) aluminium map; (c) manganese map; (d) iron map; (e) copper map and (f) magnesium map. 
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Figure 5.11 Scanning electron micrographs of AA2024-T3 alloy after immersion in 
1.5 M NaCl solution for 4.5 days: (a) SE image and (b) BSE image, revealing 
deposited copper particles. 
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Figure 5.12 Transmission electron micrographs of an ultramicrotomed thin foil of heavily corroded AA2024-T3 alloy: (a) at low magnification; 
(b) at increased magnification; and (c) EDX spectrum at position A.
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Chapter 6 Localized Corrosion 
 
This chapter discusses the local microstructural and chemical criteria for the 
establishment of continuous localized corrosion in AA2024-T3 aluminium alloy 
during immersion in aqueous NaCl solution. The roles of intermetallic particles, 
aluminium matrix and grain boundary in the initiation and propagation of continuous 
localized corrosion are addressed respectively. 
 
It has been shown in previous chapter that active intermetallic particles, such as S-
phase, rapidly underwent dealloying and inert intermetallic particles, such as θ-phase 
and Al-Cu-Fe-Mn-(Si) phase, remained intact in NaCl solution for up to 4.5 days 
(Figure 5.11). Nevertheless, corrosion at active particles seemed to stop in most cases 
after the intermetallic phase was dealloyed of magnesium and aluminium. In extended 
immersion, the AA2024 alloy exhibited sustained localized corrosion only at a few 
sites.  
 
To get insight into the continuous localized corrosion, an in-situ video capture system 
was employed to monitor activity at the specimen surface during immersion and to 
position continuous / discontinuous localized corrosion sites. SEM was used for plan-
view and cross-sectional examination of the AA2024 alloy prior and post to 
immersion in 1.5 M NaCl solution. EDX point analysis and mapping were carried out 
to determine the chemical composition of intermetallic particles and their remnant.   
 
6.1 General view of localized corrosion sites 
 
During immersion of the alloy, a few drops of hydrogen peroxide (H2O2) were added 
to the 1.5 M NaCl testing solution. It is thought that anodic dissolution was 
accelerated since an oxidizer (H2O2) stronger than H3O
+
 or H
+
 was introduced to the 
micro-electrochemical cell to enhance cathodic reaction (1). At local anodes, faster 
generation of Al
3+
 (2) resulted in a lower pH in corrosion front environment (3)-(5), 
promoting hydrogen gas (H2) evolution (6)-(7). Thus, H2 evolution indicated that 
electrochemical reactions were taking place at local sites on the alloy surface. 
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Hydrogen gas evolution can be used to position and distinguish continuous and 
discontinuous localized corrosion. 
 
H2O2 + 2e
-
 = 2OH
-
 (1) 
Al = Al
3+
 + 3e
-
 (2) 
Al
3+
 + H2O = Al(OH)
2+
 + H
+
 (3) 
Al
3+
 + 2H2O = Al(OH)2
+
 + 2H
+
 (4) 
Al
3+
 + 3H2O = Al(OH)3 + 3H
+
 (5) 
6H
+
 + 2Al = 2Al
3+
 + 3H2↑ (6) 
2H
+
 + 2e
-
 = H2↑ (7) 
 
Hydrogen gas evolution was triggered immediately after immersion of AA2024 alloy 
in the NaCl (H2O2) solution. Figure 6.1 shows the optical micrographs of a 2×1.5 
mm
2
 alloy surface during immersion. At a number of local sites, e.g. positions 1 and 2, 
the growth of bubble is clearly revealed. Gas bubbles grew to as big as 300 µm in 
diameter before they detached from the alloy surface. Then, a new bubble formed at 
the same position, grew large and detached the alloy surface again. At other sites, 
hydrogen gas evolution developed in form of continuous bubbling. However, the 
bubbles were in a much smaller diameter of around 10 µm. Discontinuous gas 
evolution was also observed on the alloy surface. In such cases, eruption of a series of 
fine bubbles suddenly occurred but the bubbling ceased within 1 minute.  
 
The link between hydrogen gas evolution and localized corrosion was confirmed by 
ex-situ SEM examination. The sites where gas evolution persisted during the course 
of testing represent continuous localized corrosion and the sites where gas evolution 
ceased during the course of testing are considered to represent discontinuous localized 
corrosion. Scanning electron micrographs of AA2024-T3 alloy after immersion in 1.5 
M NaCl solution for 1.5 hours and 4 hours are displayed in Figures 6.2 and 6.3, 
respectively. It is clearly revealed that, compared with a large number of 
discontinuous localized corrosion events, continuous localized corrosion event is 
relatively rare, with only one or two present in the examined regions. 
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The framed area in Figure 6.2, including sites of continuous and discontinuous 
localized corrosion, is illustrated in Figure 6.4 at increased magnification, showing the 
surface morphology changes before and after immersion. Clusters of intermetallic 
particles are evident at the centre of both continuous and discontinuous localized 
corrosion sites. EDX analysis of these intermetallic particles revealed copper- and 
copper / magnesium- containing compositions, suggesting that the cluster is 
comprised of θ-phase (Al2Cu) and S-phase (Al2CuMg). After immersion, the centre 
and surrounding area of the continuous localized corrosion site is covered by 
corrosion product, as shown in Figure 6.4 (b). Interestingly, no corrosion product is 
found at the site where discontinuous localized corrosion occurred, although the 
matrix at the vicinity of intermetallic particles was also attacked during testing.  
 
The framed region in Figure 6.3, including the centre of a continuous localized 
corrosion site, was examined with EDX mapping, as shown in Figure 6.5. From the 
SE image, alloy surface away from the centre is covered with a ring of corrosion 
product. Little corrosion product is present inside the ring. It is suggested that 
aluminium hydroxide also covered the central position during the corrosion process 
but rupture of Al(OH)3∙xH2O happened when the aluminium alloy specimen was 
taken out of the testing solution. Then, the ruptured corrosion product was washed 
away by deionised water during surface cleaning. Oxygen map and chloride map 
show increased intensity at same positions, indicating that the corrosion product is 
rich in chloride. Compared with the corrosion site displayed in Figure 6.4, less 
intermetallic particle is found in the alloy surface in Figure 6.5 (a). The presence of 
copper-rich particles is confirmed by the increased yield in the copper map. Also, 
locations where higher copper amount was detected exhibit increased oxygen and 
chloride yield as well, suggesting that the localized corrosion was induced by copper-
rich intermetallic particles. 
 
6.2 Continuous localized corrosion sites 
 
In order to get insight into the propagation mechanism, cross section of the continuous 
localized corrosion site shown in Figure 6.4 (b) was examined. The sectioning 
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direction and position are indicated by line A-A in Figure 6.4 (b). Scanning electron 
micrograph of the cross-section is displayed in Figure 6.6. It is evident that a large 
cluster of intermetallic particle, approximately 50 µm in length and 5 µm in thickness, 
is buried beneath the alloy surface. However, the cluster intersects the alloy surface at 
the position where the centre of the localized corrosion site is located. Also, beneath 
the alloy surface, the matrix at the vicinity of intermetallic particles was attacked. It is 
suggested that the localized corrosion initiated from the alloy surface at the position 
where the cluster intersected with the alloy. Then corrosion propagated through the 
small opening and developed into the large volume of intermetallic particles buried 
underneath the alloy surface.  
 
SEM images of further cross-sections taken from the same site are shown in Figures 
6.7 (a)-(d). The images were acquired by tilting the specimen for 45°, displaying both 
the surface appearance and the cross-section of the localized corrosion site. It is 
revealed that intergranular corrosion initiated from the corroded intermetallic particle 
cluster. Attacked grain boundaries are evident from both cross-section and alloy 
surface, as indicated by the arrows. The shortest intergranular corrosion filament is ~ 
1 µm (position 1). Grain boundary attack also occurred in an area isolated from the 
corroded intermetallic particle cluster, as indicated by the arrows in Figure 6.7 (d). 
From the secondary electron micrographs, this area used to be covered by corrosion 
product (corrosion product was removed during sectioning). It is not clear if these 
intergranular corrosion filaments initiated independently or was related to the 
localized corrosion induced by intermetallic particles.  
 
Cross-sectional SEM examination of a further continuous localized corrosion site is 
displayed in Figure 6.8. Again, attack at a cluster of intermetallic particles is revealed. 
The cluster is buried relatively deep compared to the one shown previously, 
approximately 6 µm beneath the alloy surface. Increased copper yield was detected by 
EDX mapping of the corroded intermetallic particle cluster, suggesting the presence 
of θ-phase or dealloyed S-phase particles. Considering the relatively inert nature of θ-
phase, it is highly likely that S-phase particles were present in the cluster. Oxygen 
map shows that increased oxygen is associated with the dealloyed particles and their 
periphery region including attacked grain boundaries, confirming that aluminium 
matrix in the vicinity of the intermetallic cluster was also attacked during immersion. 
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It is also clearly revealed that the intermetallic particle cluster in Figure 6.8 (a), as 
well as the cluster on the right of the cross-section in Figures 6.7 (b) and (d), is not 
directly connected to the outside environment. Similar to the intermetallic particle 
cluster shown in Figures 6.7 (a) and (c), a cluster was also found from plan-view SEM 
examination in the centre of the corrosion site shown in Figure 6.8 (the plan-view 
image is not shown here). It is possible that the cluster that intersects the alloy surface 
and the cluster that is buried beneath the alloy with no direct connection to the outside 
environment belong to the same cluster. A part of cluster, which served as the path of 
corrosion propagation, is missed from the single cross-sectional examination. Another 
possibility is that attacked grain boundary established the connection between the two 
separated clusters of dealloyed intermetallic particles. These intergranular corrosion 
filaments initiated from the surface intermetallic particle cluster, serving as 
connection between testing solution and the beneath-surface cluster. 
 
6.3 Discontinuous localized corrosion sites 
 
Cross-section of the discontinuous localized corrosion site shown in Figure 6.4 was 
also examined, as displayed in Figure 6.9. It is located very close to the continuous 
localized corrosion site but exhibited relatively short gas bubbling time during 
immersion. Plan-view SEM images reveal a corroded cluster of intermetallic particle 
approximately 25 µm in diameter. Cross-sectional examination was carried out at 
positions A-A and B-B, as indicated by the dashed lines in Figure 6.9 (a). The SEM 
images in Figures 6.9 (c)-(f) were acquired by tilting the specimen 45°. It is revealed 
that the whole cluster of intermetallic particles was exposed to testing solution. The 
matrix in the vicinity of intermetallic particles was also attacked. Unlike the 
continuous localized corrosion site in Figure 6.6, since no portion of the cluster of 
intermetallic particles is buried beneath the alloy surface, no penetration into the alloy 
regions beneath the surface occurred. Localized corrosion is confined within the 
shallow near-surface region, with the maximum depth of attack around 5 µm. No 
grain boundary attack is found. 
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Figure 6.10 shows scanning electron micrograph of a cross-section of AA2024 alloy 
after immersion in 1.5 M NaCl (H2O2) solution for 4 hours, revealing another 
discontinuous localized corrosion site. An irregular-shape pit is evident with depth of 
6.53 µm and width of 4.31 µm, connecting to the outside environment by a 5.12 µm 
wide opening in the alloy surface. Remnant of intermetallic particle is present in the 
pit, appearing as a number of smaller particles. These particles are detached from 
aluminium matrix, with the space filled with corrosion product. EDX analysis was 
carried out on the remnant of intermetallic particle, as shown in Figure 6.10 (c). The 
spectrum exhibits increased yield copper, indicating the presence of θ-phase or 
dealloyed S-phase. Considering the relatively inert nature of θ-phase, it is highly 
likely that S-particle used to exist at the corrosion site before immersion.  
 
The S-phase switched from an anode to a cathode after the particle is enriched with 
copper, inducing trenching in the periphery of the particle. However, after certain time 
exposure, the remnant particle lost activity probably due to becoming electrically 
isolated from the matrix via the development of a continuous oxide over the whole S-
phase / matrix interface. The isolated remnant particle is susceptible to dissolution and 
broke up into smaller particles. 
 
Figures 6.11 (a)-(b) show scanning electron micrographs of AA2024 alloy after 
immersion in 1.5 M NaCl (H2O2) solution for 2.5 hours, revealing a discontinuous 
localized corrosion site associated with an Al-Cu-Fe-Mn-(Si) particle. Corrosion of 
aluminium matrix is evident in the surrounding region of the particle, forming a 
trench. This is consistent with the results in Section 5.1.2. Cross-section of the 
corrosion site was further examined at 45° tilting, as shown in Figures 6.11 (c)-(d). 
The sectioning direction and position is indicated by line B-B in Figure 6.11 (a). It is 
evident that corrosion is restricted in the shallow near-surface region of aluminium 
matrix.  
 
Further discontinuous localized corrosion sites were examined. Figure 6.12 shows the 
scanning electron micrographs of a cross-section of AA2024 alloy after immersion in 
1.5 M NaCl (H2O2) solution for 1 hour, revealing a continuous localized corrosion site 
associated with severe surface etching and sub-surface attack. Discontinuous localized 
corrosion sites are evident in the surrounding area of the continuous localized 
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corrosion site with little sub-surface attack. Three of them are framed in Figure 6.12 
(a) and displayed at increased magnification in Figure 6.13. In Figures 6.13 (a)-(b), 
the corrosion site is located 10.3 µm away from the centre of the continuous localized 
corrosion site. A cavity in rectangular shape with 543 nm in depth and 400 nm in 
width is revealed, with a small corrosion filament propagating away from the bottom 
of the cavity, as indicated by the arrow in Figure 6.13 (a). Remnant of intermetallic 
particle is also evident in the corrosion pit. In Figures 6.13 (c)-(d), a cavity in 
hemispherical shape with 2.3 µm in width and 1.5 µm in depth is revealed, with a 
number of small corrosion filaments in development. The corrosion site is located 
25.8 µm away from the centre of the continuous localized corrosion site. For these 
two corrosion sites, cavities exhibit relatively wide opening to the outside 
environment. Also, intermetallic particle is absent in the corrosion pit, indicating the 
pits are formed by particle fall-out due to dissolution of surrounding aluminium 
matrix.  
 
6.4 Discussion 
6.4.1 Microstructural criteria for continuous localized corrosion 
 
As discussed in Section 5.2.1 and 5.4.2, clusters of S-phase and θ-phase particles are 
preferential sites for localized corrosion to initiate. Consistent with this, it is revealed 
in Section 6.1 that the intermetallic particle cluster was present in both continuous and 
discontinuous corrosion sites. Further microstructural aspect that leads to the 
establishment of continuous localized corrosion other than phase composition should 
be discussed.  
 
Corrosion of aluminium matrix occurred in the periphery of attacked intermetallic 
particle clusters in all the corrosion events. Oxidation of aluminium produces Al
3+
. 
Rapid hydrolysis of Al
3+
 produces H
+
 ions, resulting in acidification of the corrosion 
front environment,  
 
Al = Al
3+
 + 3e
-
 (2) 
Al
3+
 + H2O = Al(OH)
2+
 + H
+
 (3) 
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Al
3+
 + 2H2O = Al(OH)2
+
 + 2H
+
 (4) 
Al
3+
 + 3H2O = Al(OH)3 + 3H
+
 (5) 
 
Chloride ions migrate into the corrosion front region to balance the positive charge 
produced by reaction (2) and (5). At a continuous localized corrosion site, the 
corrosive condition (H
+
 and Cl
-
) is maintained to avoid repassivation of aluminium.  
 
It is clear that the geometry of intermetallic particle cluster at a continuous localized 
corrosion site is different from that at a discontinuous localized corrosion site, as 
shown in Figures 6.6-6.9. The former has a relatively large reaction volume beneath 
the alloy surface with a small area of connection at the alloy surface to the testing 
solution. Such structure restricts diffusion between the local region and the bulk 
solution, therefore, maintaining the necessary acidity of the solution within the 
corrosion front region for continuous corrosion propagation. The latter has a relatively 
shallow reaction volume that is openly connected to the testing solution, resulting in 
ready access of bulk solution to the local region and pH increase. 
 
Such phenomena is similar to the concept of stable and metastable pitting [89]. As 
reviewed in Section 2.2.4 (2), localized corrosion in pure aluminium proceeds to a 
stage of metastable growth after initiation. With most of metastable corrosion sites 
repassivating at this stage, a small number continue to the next phase of stable growth. 
According to Szklarska-Smialowska [24, 54], several factors can cause dying out of 
metastable corrosion events, e.g. when a pit is small and shallow, corrosive anolyte at 
corrosion front is easily swept out by the convection of bulk solution. Further 
dissolving of aluminium ceases. However, if an active pit develops larger than certain 
size then corrosive environment at corrosion front is not interrupted by solution 
convection. In such cases, the pit survives and propagates as a stable corrosion event. 
 
6.4.2 Discontinuous localized corrosion 
 
As reviewed in Section 2.2.3, since copper, iron and maganese all have a more 
positive electrode potential with respect to aluminium, Al-Cu-Fe-Mn-(Si) particle is 
expected to serve as local cathode in a microelectrochemical cell. According to 
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Guillaumin and Mankowski [10], dispersoid-free zone exists in the periphery of Al-
Cu-Fe-Mn-(Si) particles. The dispersoid-free zone is anodic in electrochemical nature 
due to the lack of noble elements. When the alloy is exposed to aggressive 
environment, a galvanic coupling is established between α-phase intermetallic 
particles and dispersoid-free zone, inducing electrochemical reactions. However, as 
stated in Section 4.1.3, no dispersoid-free zone was observed adjacent to α-phase 
particles in the AA2024 alloy employed in the present study.  
 
As a consequense, if a micro electrochemical cell could be formed at Al-Cu-Fe-Mn-
(Si) particles, aluminium matrix in the surrounding region should work as local anode. 
Due to the limited area of local cathode to support oxygen reduction, anodic 
dissolution of the surrounding material proceeds slowly. This can explain the fact that 
has been observed in Section 5.1.2: trenching in the periphery of Al-Cu-Fe-Mn-(Si) 
particle took relatively long time to initiate. 
 
Further, as reviewed in Section 2.2.4 (2), the product of current density and pit 
diameter (ir) should be higher than 10
-2
 A/cm to sustain the aggressive solution (low 
pH) in a stably growing pit [24, 54]. Restricted anodic corrosion of aluminium matrix 
may fail to provide sufficient current density in the periphery of Al-Cu-Fe-Mn-(Si) 
particles. Thus, as shown in Figures 6.11 (a)-(d), localized attack is restricted in the 
shallow near-surface region at Al-Cu-Fe-Mn-(Si) particles during immersion of the 
alloy in NaCl solution. 
 
Although Al-Cu-Fe-Mn-(Si) particles could not solely promote continuous localized 
corrosion, they served as external local cathodes to support reduction reaction(s) in a 
continuous localized corrosion event. 
 
2H
+
 + 2e
-
 = H2↑ (7) 
O2 + 2H2O + 4e
-
 = 4OH
-
 (8) 
 
The reduction reaction caused local alkalinisation around cathodic particles. As 
mentioned in Section 2.2.1, aluminium oxide is not stable in alkaline environment 
(pH>9) so that corrosion product could not form. Not covered by corrosion product, 
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aluminium matrix surrounding the particles further anodically dissolved in the 
solution. Aluminium element in the intermetallic particles also dissolved selectively. 
Thereby the particle surface is enriched with Cu, Fe and Mn, leading to increased 
cathodic activity [29]. Etching of the aluminium matrix around the particles detached 
the particles from the surface (Figure 6.13 (a)-(d)). This results in repassivation of the 
alkaline pits and reduction in the driving force for the acidic reaction. 
 
6.5 Summary 
 
1. Localized corrosion events were classified into two categories. Local sites where 
hydrogen gas evolution persisted during the course of corrosion testing represent 
continuous localized corrosion and the sites where gas evolution ceased during the 
course of testing represented discontinuous localized corrosion. 
2. A large cluster of S-phase and θ-phase intermetallic particles was buried beneath 
the alloy surface, and intersected the alloy surface at the position where the centre 
of a continuous localized corrosion site was located. Clustered S-phase and θ-
phase particles with a small portion underneath the alloy surface were evident at 
discontinuous localized corrosion site. The cluster was exposed to testing solution 
and the matrix in the vicinity of intermetallic particles was also attacked. However, 
no penetration into the beneath-surface alloy matrix occurred. Localized corrosion 
is confined within the shallow near-surface region, with the maximum depth of 
attack around 5 µm. 
3. Intergranular corrosion was evident around the continuous corrosion site. 
Corroded grain boundary served as connection between dealloyed intermetallic 
particle clusters. 
4. The attack in the periphery of Al-Cu-Fe-Mn-(Si) particles was also restricted in 
the shallow near-surface region. Trenching of the aluminium matrix around the 
particles could lead to removal of the particles from the alloy surface. 
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Figure 6.1 Video frames of AA2024-T3 alloy immersed in 1.5 M NaCl (H2O2) solution: (a) 7 minutes 44 seconds; (b) 23 minutes 29 seconds; (c) 
32 minutes 42 seconds; and (d) 40 minutes. 
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Figure 6.2 Scanning electron micrograph of AA2024-T3 alloy after immersion in 1.5 
M NaCl (H2O2) solution for 1.5 hours, showing sites of continuous localized 
corrosion and discontinuous localized corrosion. 
 
 
Figure 6.3 Scanning electron micrograph of AA2024-T3 alloy after immersion in 1.5 
M NaCl (H2O2) solution for 4 hours, showing sites of continuous localized corrosion 
and discontinuous localized corrosion. 
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Figure 6.4 Scanning electron micrographs of the framed region in Figure 6.2: (a) 
before immersion; and (b) after immersion. 
 
 141 
      
      
      
Figure 6.5 Scanning electron micrograph and EDX elemental maps of the framed 
corrosion site in Figure 6.3: (a) SE image; (b) Al map; (c) Cu map; (d) Mg map; (e) O 
map; and (f) Cl map. 
 
 142 
 
Figure 6.6 Scanning electron micrograph of the cross-section of the continuous 
localized corrosion site shown in Figure 6.4. 
 
Figure 6.7 Scanning electron micrographs of the cross-section of the continuous 
localized corrosion site shown in Figure 6.4, tilted 45°: (a)-(c) SE images; and (b)-(d) 
BSE images. 
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Figure 6.8 Scanning electron micrograph and EDX elemental maps of the cross-section of a continuous localized corrosion site (4 hours 
immersion in 1.5 M NaCl (H2O2) solution): (a) BSE image; (b) O map; (c) Al map; and (d) Cu map.
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Figure 6.9 Scanning electron micrographs of the discontinuous localized corrosion site shown in Figure 6.4: (a) plan-view, SE image; (b) plan-
view, BSE image; (c) 45° tilting at position A, SE image; (d) 45° tilting at position A, BSE image; (e) 45° tilting at position B, SE image; and (f) 
45° tilting at position B, BSE image.
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Figure 6.10 Scanning electron micrographs and EDX spectrum of a discontinuous 
localized corrosion site (4 hours immersion in 1.5 M NaCl (H2O2) solution). 
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Figure 6.11 Scanning electron micrographs of AA2024-T3 alloy after immersion in 1.5 M NaCl (H2O2) solution for 2.5 hours, revealing 
discontinuous corrosion at an Al-Cu-Fe-Mn-(Si) particle: (a) SE image; (b) BSE image; (c) SE image, 45° tilting; and (d) BSE image, 45° tilting.
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Figure 6.12 Scanning electron micrographs of AA2024-T3 alloy after immersion in 
1.5 M NaCl (H2O2) solution for 1 hour, revealing a continuous localized corrosion site 
and a number of discontinuous corrosion sites. 
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Figure 6.13 Scanning electron micrographs of the discontinuous localized corrosion sites framed in Figure 6.12: (a)-(b) site 1; (c)-(d) site 2; and 
(e)-(f) site 3.
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Chapter 7 Intergranular Corrosion 
 
As discussed in the previous chapter, continuous localized corrosion initiated in the 
form of attack at clustered S-phase and θ-phase particles in early stage during 
immersion of AA2024 alloy in NaCl solution. Extensive intergranular corrosion was 
also found around the corrosion sites given sufficient immersion time. However, the 
relationship between grain boundary attack, intermetallic particle corrosion and 
establishment of continuous localized corrosion is still not clear. Preferential 
development of localized corrosion along grain boundary also lacks of detail 
descriptions.  
 
Goal of this chapter is to better understand the above issues. Propagation of 
continuous localized corrosion was investigated by X-ray microtomography. TEM 
was also employed to examine intergranular corrosion sites, with main interests on 
corrosion front structure, copper re-distribution, chemical environment in the corroded 
region, and attack on grain walls in the two sides of an IGC filament. Features of so-
called wide IGC filament are also addressed. Further, EBSD was used to determine 
grain boundary misorientation and grain stored energy in intergranular corrosion 
region, suggesting for the first time that grain stored energy has great effect on grain 
boundary attack. Finally, the maximum depth of intergranular corrosion is 
investigated by cross-sectional SEM examination after sufficient immersion of the 
alloy. 
 
7.1 X-ray microtomography of intergranular corrosion 
 
Figure 7.1 (a) shows the voltage – current density curve of anodic polarization of 
AA2024 alloy from open circuit potential (OCP) to break-down potential (significant 
increase in anodic current) in 1.5 M NaCl solution. Scanning electron micrograph of 
the alloy after polarization is displayed in Figure 7.1 (b), revealing intergranular 
corrosion on the alloy surface. Polarization of the alloy from OCP to -300 mVSCE (~ 
250 mV above break-down potential) was also carried out. The voltage – current 
density response and SEM examination are displayed in Figures 7.1 (c)-(d), revealing 
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more severe intergranular attack in the alloy. Interestingly, if polarization of the alloy 
is ceased before break-down potential (Figure 7.1 (e)), no intergranular corrosion is 
evident in the alloy surface, as shown in Figure 7.1 (f). 
 
3D volumetric imaging of the AA2024 alloy after corrosion testing was obtained by 
X-ray microtomography. The immersion testing of the aluminium alloy was kept 
relatively short in order to observe early stage changes in the alloy. X-ray scanning, 
reconstruction of original tomography data and visualization of the data, namely 3D 
rendering, were carried out in sequence. 3D rendering of the tomographic data was 
accomplished using Avizo 5.0 software.  
 
Figures 7.2 (a)-(b) show images from the tomographic data, demonstrating a cross-
section of a continuous localized corrosion site. Three image contrasts can be seen 
from the pictures. Considering that element with higher atomic number absorbs more 
X-ray signal, intermetallic phases are supposed to show higher attenuation contrast 
than alloy matrix. So, regions with the brightest colour represent intermetallic 
particles. Such regions are designated as Object 1. Regions with grey colour represent 
corrosion product and designated as Object 2. Regions with total black colour are the 
matrix. All the cross-sections of Objects 1 and 2 are integrated separately as 3D 
objects. The 3D objects are colour coded, with purple representing intermetallic phase 
and green representing corrosion product. Aluminium matrix is set as transparent.  
 
Figure 7.2 (c) shows the 3D rendered image of localized corrosion site after colour 
coding. It is evident that a small cluster of intermetallic particle is present at the centre 
of the site. Considering the active nature of S-phase and θ-phase particle cluster 
revealed in Chapter 5, it is highly likely that a cluster of dealloyed S-phase and θ-
phase particles was detected. Corrosion (green region) initiated from the centre point, 
proceeded along narrow paths, and extended to a large volume underneath the alloy 
surface, indicating intergranular corrosion. This is consistent with previous cross-
sectional SEM examination. The depth of intergranular corrosion reaches as deep as 
60 µm. Interestingly, the intergranular corrosion penetrated not only downward into 
the bulk alloy but upward back to the alloy surface as well. 
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Further evidence on the developing direction of intergranular corrosion was obtained 
by SEM examination of a continuous localized corrosion site close to the lacquer 
covered specimen edge (Figure 7.3). Lacquer 45 was applied as protective covering to 
the right half of mechanical polished alloy surface prior to corrosion testing in NaCl 
solution. The lacquer 45 layer was not removed until the alloy specimen was taken 
out of NaCl solution and fully dried in a stream of cool air. From secondary electron 
micrograph of Figure 7.3 (a), the boundary between corrosion tested area and lacquer 
covered area is evident. Intermetallic particles, which are evident in the backscattering 
electron micrograph in Figure 7.3 (b), have not been attacked, suggesting the lacquer 
layer effectively protected the covered region from contact with testing solution. 
However, intergranular corrosion is obviously revealed in the covered region. The 
explanation for it can only be that intergranular attack developed beneath alloy 
surface and then emerged back to surface away from corrosion initiation site. Further 
more, the only possible initiation spot for such intergranular dissolution is the 
corrosion site on the left side of the specimen. 
 
Continuous localized corrosion site from a different specimen was examined from 
cross-section by SEM (Figure 7.4). It is evidently revealed that corrosion initiated 
from the centre of the localized corrosion site, developed from a relatively small 
region and propagated into a larger area. These features are consistent with what have 
been observed in Section 6.2 that addressed continuous localized corrosion events. 
The cluster of intermetallic particle remnant is absent since the sectioning position 
was a few microns away from the corrosion site centre. Corrosion proceeded along 
grain boundaries and penetrated not only downward into the deep region of bulk alloy 
but upward back to the alloy surface region as well. Such grain boundary attack 
developed to depth up to ~ 100 µm after 2 hours immersion. Interestingly, apart from 
intergranular corrosion, attack on intermetallic particles and partially dissolution of 
grains on the path of intergranular corrosion are also revealed in sub-surface region of 
the tested aluminium alloy, as illustrated in Figures 7.4 (c)-(h), suggesting a corrosive 
electrolyte formed in the corroded region. 
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7.2 Intergranular corrosion filaments 
7.2.1 Precipitates, copper re-distribution and corrosion into grains 
 
A continuous localized corrosion site was located using the in-situ video capturing 
system described previously in Chapter 6. Thin TEM sections were obtained from the 
corrosion site using ultramicrotomy with the ultramicrotomed block used for SEM 
examination. Intergranular corrosion filaments from an active localized corrosion site 
can be observed. 
 
Figure 7.5 displays scanning electron micrographs of the cross-section of AA2024-T3 
alloy after immersion in 1.5 M NaCl (H2O2) solution for 1 hour, revealing 
intergranular corrosion sites. Three rod-like particles are evident in the ~ 50 nm wide 
attacked grain boundary in Figures 7.5 (a)-(b). IGC filaments from a different region 
are revealed in Figures 7.5 (c)-(d). A portion of grain boundary between the IGC 
filaments is un-attacked, as indicated by the arrows. No precipitate is evident at the 
intact grain boundary.  
 
Figure 7.6 (a) illustrates transmission electron micrograph of an intergranular 
corrosion site, revealing two IGC filaments and intact grain boundary between them. 
Connection route between the two IGC filaments is supposed to exist behind or ahead 
of the sectioning position. The upper right IGC filament and periphery region are 
shown in Figures 7.6 (b)-(c). Two grain boundaries are clearly seen from the image, 
as labelled with a-b and c-d. Attack is more severe along grain boundary a-b than c-d. 
The head of the IGC filament, termed as intergranular corrosion front, was examined 
at increased magnification, as shown in Figures 7.6 (d)-(e). Intact grain boundary a-b 
appears as a bright line in the dark field image, indicating presence of precipitates. 
EDX line profile across the grain boundary is displayed in Figure 7.6 (f), exhibiting 
increased yield of copper. The scanned length is 50 nm and the copper peak is ~ 3 nm 
in width. Magnesium yield remains relatively constant (not shown here), indicating θ-
phase (Al2Cu) precipitates along grain boundary a-b. Meanwhile, no precipitate is 
found along grain boundary c-d.  
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The width of the intergranular corrosion filament is approximately 200 nm in Figures 
7.6 (b)-(c). It is obvious that intergranular attack developed evenly into the grains on 
both sides of grain boundary a-b. 
 
Bright field and HAADF TEM images of Figures 7.6 (g)-(h) reveal the inner part of 
the IGC front. It is clearly revealed that the interface between intact aluminium matrix 
and corrosion product is decorated with a 2 to 3 nm thick bright band, indicating re-
distribution of alloying element(s). Since copper is the major alloying element heavier 
than aluminium, the band is thought to be copper-rich. Interestingly, the arrangement 
of copper band is not smooth, indicating an uneven dissolution rate of aluminium 
matrix in different positions at the corrosion front. Nano-scale particles, spherical in 
shape and less than 5 nm in size, are also found in the corrosion product. EDX 
spectrum of the nano-scale particles from position A (Figure 7.6 (g)) is illustrated in 
Figure 7.6 (i), suggesting increased content of copper.  
 
Figure 7.7 displays transmission electron micrograph of an intergranular corrosion 
site from a different sample. The IGC filament is filled with corrosion product at the 
position close to the interface with intact aluminium matrix. A small particle with 
length of 84 nm and width of 32 nm is embedded in the corrosion product. Apparently 
larger than the grain boundary precipitates shown in Section 4.2, the particle is 
supposed to be remnant of a dispersoid. (Two dispersoids are evident on the left of the 
corrosion filament in Figure 7.7 (a)). It is clear that few precipitates are found along 
the intact grain boundary ahead of the IGC filament. The width of the intergranular 
corrosion filament is around 300 nm. Intergranular attack developed relatively deep 
into the grain on the right side of the grain boundary. 
 
Figure 7.8 shows transmission electron micrograph of a further intergranular 
corrosion site in the AA2024-T3 alloy after immersion in 1.5 M NaCl (H2O2) solution 
for 2.5 hours. It is evident that corrosion propagated along grain boundary and further 
developed into grain body. No precipitate is evident in the intact grain boundary 
ahead of the corroded region. Interestingly, the attack is significantly more severe in 
grain B than grain A. Compared with Figures 7.6 (b)-(c), the head of the IGC filament 
in Figure 7.8 is relatively asymmetric in shape. 
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7.2.2 Chemical environment within an IGC filament 
 
Propagation of intergranular attack is affected by grain boundary structure as well as 
anolyte inside IGC filaments. Such intergranular attack deep beneath the alloy surface 
also restricts diffusion between the corrosion front region and the bulk solution, 
therefore, maintaining the necessary acidity of the solution within the corrosion front 
region for continuous corrosion propagation. 
 
Figures 7.9 (a)-(b) display dark and bright field transmission electron micrographs of 
an intergranular corrosion site in AA2024 alloy after immersion in 1.5 M NaCl (H2O2) 
solution for 1.5 hours. Local attack mainly propagated along grain boundary as 
indicated in Figure 7.9 (b) but also had a branch developing towards the upper side 
grain wall. The corrosion branch developed into the grain body in a saw-tooth shape 
and had a relatively sharp tip at the end. Corrosion product was kept intact in the IGC 
filament. EELS mapping (Figures 7.9 (c)-(e)) was carried out in the same region. It is 
clearly evident that the interface between aluminium matrix and corroded area is 
decorated by oxygen-rich band. Al map exhibits a weak intensity at such interface 
compared with the intact alloy matrix, indicating a band of aluminium oxide / 
hydroxide. However, the inner part of the corrosion filament is enriched with chloride 
species and shows no strong signal from Al- or O-map, suggesting an argument about 
the existence of AlCl3 compound lying at bottom of a stably corroded region. 
 
HAADF TEM image of Figure 7.9 (f) also reveals copper re-distribution surrounding 
the intergranular corrosion filament. The copper enrichment band continuously marks 
the position of the interface between corrosion product and aluminium matrix. EDX 
line scan (Figure 7.9 (g)) was carried out across the corrosion branch, as indicated by 
the broken line in Figure 7.9 (f). Increased copper yield is evident, confirming the 
band is rich in copper. The distance between two copper peaks is 26.4 nm, which can 
be considered as the real width of in the corrosion branch. 
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7.2.3 Wide IGC filaments 
 
A number of intergranular corrosion sites have been examined by SEM from plan-
view and cross-section in the present study. Most of them are similar to those shown 
in previous sections. One of a few exceptions is the site in AA2024 alloy after 
immersion in 0.5 M NaCl solution for 72 hours, as displayed in Figure 7.10. Grain 
boundary attack and grain etch-out are evident in the sub-surface region. Interestingly, 
intergranular corrosion filaments in the left part of the specimen appear different in 
shape and size from those in the right part. IGC filaments in the left part have smooth 
corrosion front with width up to 2 µm. Some wide IGC filament exhibits a sandwich 
structure with a layer of un-corroded matrix in the middle of corrosion product 
(between the dashed lines in Figure 7.10 (c)). Certain grains around these IGC 
filaments are attacked. On the contrary, IGC filaments in the right half are 
significantly narrower with width of ~ 200 nm. No etch-out of grain is found around 
them. Also, it is clear that intergranular corrosion switches sharply from broader 
filament to narrower filament, as shown in Figure 7.10 (b). There is no transition at 
the position where a wide corrosion filament and a narrow corrosion filament meet 
together. Not shown here, the sudden switch in the width of IGC filaments was also 
found from plan-view SEM examination of a few intergranular corrosion sites. 
 
Figure 7.10 (c) reveals a string of small corrosion crevices between two wide IGC 
filaments, indicating that corrosion propagates along grain boundary to connect the 
two filaments. Three dispersoids are present in the route of corrosion propagation, as 
indicated by the arrows, with one of them in a corrosion crevice and the other two 
ahead of the string of corrosion crevices.  
 
Figures 7.10 (d)-(e) also reveal some more evidence of copper re-distribution around 
the wide and narrow IGC filaments. Resin with dark contrast in the image was used 
for embedding the specimen in order to preserve the corrosion product at the filament 
front. A layer of corrosion product exist in-between the resin and aluminium matrix 
around the IGC filaments. Consistent with previously TEM examination (Figures 7.6 
(g)-(h)), copper-rich nano particles are evident in the corrosion product in both wide 
and narrow IGC filaments.  
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7.3 Grain orientation and stored energy 
7.3.1 Grain boundary misorientation 
 
After immersion testing, corrosion product was removed from the alloy surface by 
gentle mechanical polishing with 1 µm diamond paste and subsequently argon plasma 
sputtering. Such finishing procedures allow high quality Kikuchi pattern to generate 
from specimen surface. In-house VMap software was employed for the analysis of 
EBSD data to determine the orientation of grains. The effect of grain orientation on 
intergranular corrosion is discussed in terms of grain boundary misorientation, grain 
boundary energy and grain stored energy. 
 
Grain boundary misorientation is defined as the orientation difference between two 
neighbour grains. Figure 7.11 (a) shows scanning electron micrograph of AA2024-T3 
aluminium alloy in longitudinal direction after immersion in 0.5 M NaCl (H2O2) 
solution for 18 hours. Intergranular corrosion has developed at a number of sites. The 
framed region in Figure 7.11 (a) is shown at increased magnification (Figure 7.11 (b)). 
Intergranular corrosion filaments are around 1.5 µm in width in the micrograph. 
 
Grain orientation maps in Euler‟s colour and grey scale are displayed in Figures 7.11 
(c)-(d), respectively. Grain boundaries are presented by thick black lines in random 
grey scale map. Value labelled in the map is misorientation angle of grain boundaries, 
suggesting that grain boundary misorientation ranges from 20.9° to 57.9°. Figure 7.12 
(a) displays the general histogram (Histogram A) of the distribution frequency of 
grain boundary misorientation in AA2024-T3 aluminium alloy, indicating similar 
distribution to that for randomly oriented face centre cubic metallic material in the 
longitudinal surface (rolling surface). The frequency of misorientation values present 
in the material varies in the range of 0 to 65° and reaches the highest point at 45°. The 
frequency curve increases slowly at the first 25°, then shows a dramatic increase; it 
drops back to 0 after the highest point. The misorientation of 100 attacked grain 
boundaries is presented in the histogram (Histogram B) in Figure 7.12 (b), including 
all the corroded grain boundaries shown in Figures 7.11 (c)-(d). Interestingly, 
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compared with misorientation distribution shown in Histogram A, Histograms B 
exhibits rather similar trend. 
 
Considering propagation of intergranular corrosion is mainly in downward direction 
at early stage, further intergranular corrosion sites were examined by EBSD from long 
transverse direction (long transverse cross section), as illustrated in Figure 7.13 (a). 
Grain boundaries are labelled with grain boundary misorientation value (Figure 7.13 
(c)) in the band contrast map. Figures 7.14 (a)-(b) display the histograms of the 
distribution frequency of grain boundary misorientation in AA2024-T3 aluminium 
alloy, from general long transverse cross-section and from intergranular corroded 
local region, respectively. Obviously, distribution of grain boundary misorientation in 
Histogram A also shows similar trend to that for randomly oriented face centre cubic 
metallic material. Histogram A and Histogram B exhibit similar distribution from 20° 
above. No grain boundary misorientation below 20° is observed from intergranular 
corroded local region. This is consistent with the fact that most of the grain 
boundaries in AA2024-T3 are high angle grain boundary.  
 
As reviewed in Section 2.2.5 (1), susceptibility of metal material to intergranular 
corrosion can be related to grain boundary misorientation. The order of atom 
arrangement is severely interrupted when grain boundary misorientation is high. Grain 
boundary atoms are arranged in a much more ordered manner for low-angle grain 
boundary. However, from the EBSD examination of intergranular corroded region, 
both high angle and low angle grain boundaries are corroded with no dependency of 
corrosion on grain boundary misorientation. 
 
7.3.2 Grain boundary energy  
 
As reviewed in Section 2.2.5 (1), grain boundary energy can be described in two ways. 
In the case of low angle grain boundary (<15°), Read-Shockley equation is used to 
characterize the energy. The stored energy of low angle grain boundary increases as 
misorientation increases but normally is lower than that of high angle grain 
boundaries. 
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As proved in Section 7.3.1, there is no evidence that low angle grain boundaries are 
preferentially attacked. Further, as concluded in Section 4.3.3, there are much more 
high angle grain boundaries than low angle grain boundaries, 88.70% to 11.30% in 
longitudinal direction, 80.11% to 19.89% in long-transverse direction and 67.05% to 
32.95% in short-transverse direction. Thus, discussion on grain boundary energy is 
focused on high angle grain boundaries. 
 
In the case of high angle grain boundary (>15°), description of grain boundary energy 
is based on coincident site lattice (CSL) theory. The details of the method are stated in 
Section 2.2.5 (1). Classification was determined the Brandon criterion In the CSL 
framework, „special‟ grain boundaries that are close to low Σ orientation relationships 
(Σ≤29) display improved physical and chemical properties relative to general or high 
Σ interfaces. Grain boundaries with Σ > 29 are considered „random‟ boundaries since 
these interfaces are not expected to posses „special‟ properties.  
 
91 attacked grain boundaries from plan-view examination were evaluated. Individual 
boundaries were classified according to the nearest CSL relationship in the range from 
Σ1 to Σ49. The distribution of the examined grain boundaries is shown in Figure 7.15 
(a). 47.3% of the examined grain boundaries are classified into the category of 
random interface (29<Σ≤49). 11 Σ45 grain boundaries are found, claiming the highest 
percentage among the range from Σ1 to Σ49. 52.7% of the grain boundaries are Σ3 to 
Σ29 interfaces. No Σ17 or Σ25 interfaces are found from present examination. As 
many as 6 grain boundaries are classified as Σ3, Σ9 and Σ23 interfaces. Generally, the 
percentage of each type of grain boundary randomly distributes through the range of 
Σ3 to Σ49. 
 
Figure 7.15 (b) is the plot of grain boundary energy versus grain boundary 
misorientation angle from Gertsman and Bruemmer [145], illustrating the variation of 
grain boundary energy with misorientation value . Grain boundary Σ number is also 
labelled on the horizontal axis at the correspondent positions of grain boundary 
misorientation angle. It is revealed that grain boundary energy increases 
proportionally with grain boundary misorientation angle from 0 to 15°. This is 
consistent with the prediction of low angle grain boundary energy. After 15°, the 
grain boundary energy slowly goes down and reaches a lowest point at grain 
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boundary misorientation angle θ=26.5°, correspondent to the position of Σ19a CSL 
grain boundary. From this position on, the curve of grain boundary energy exhibits 
dramatic decrease at every position of Σ grain boundaries. The biggest reduction is 
seen at the position of Σ3 for coherent twinning grain boundaries.  
 
Interestingly, no particular relationship can be found between intergranular corrosion 
resistance and grain boundary energy from comparison between two diagrams. For 
example, as many as 6 corroded grain boundaries are Σ3 interface, which is the third 
highest percentage in all the classified Σ interfaces. However, the Σ3 interface has the 
lowest grain boundary energy and was supposed to exhibit good corrosion resistance. 
Thus, the grain boundary energy does not have any effect on the susceptibility of 
AA2024-T3 alloy to intergranular corrosion. 
 
7.3.3 Grain stored energy 
 
Figure 7.16 (a) shows scanning electron micrograph of a continuous localized 
corrosion site in AA2024-T3 alloy after immersion in 0.5 M NaCl (H2O2) solution for 
18 hours. Grain boundary attack is evident in an 80 × 60 µm
2
 at the corrosion site. 
There are voids, remnant of intermetallic particles and height difference between 
grains which all contribute to increased surface roughness. High quality 
crystallographic orientation map was acquired using EBSD. Figure 7.16 (b) shows the 
band contrast map of the SEM imaged region. Apart from dissolved grain boundaries 
and voids caused by removal of intermetallic particles, the mapped area exhibits a 
good brightness, indicating that a clear diffraction pattern was captured and indexed 
by SEM during mapping. Actually, a 95% index rate was obtained for EBSD mapping 
of this area. 
 
EBSD grain orientation maps of the attacked region, in grey scale and Euler‟s colour 
respectively, are displayed in Figures 7.16 (c)-(d). The crystallographic orientation 
maps are reconstructed in the method of relative referencing, with „subgrains‟ being 
filled with random colours. The threshold value for low angle grain boundary is 
manually set as 1.0°. Interestingly, grains near the attacked grain boundaries can be 
subdivided into smaller regions of similar crystallographic orientation, suggesting that 
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these subgrain regions have misorientation higher than 1.0° versus the central 
reference pixel. As mentioned in Section 4.3.2, such phenomenon of grain 
subdividing is caused by gradual orientation changing within single grains. 
 
Figure 7.16 (e) shows the grain stored energy map of the same area in gray scale. The 
brightness is determined by the average value of stored energy of the pixels within a 
grain. It is clearly revealed that a cluster of grains is relatively brighter than other 
grains in the surrounding region, indicating non-uniform distribution of grain stored 
energy in the examined area. Misorientation map is displayed in Figure 7.16 (f). Short 
lines represent misorientation between two neighbouring pixels is higher than 1.0°. As 
expected, a higher density of dislocations is found in brighter grains. From 
comparison between Figure 7.16 (c) and Figure 7.16 (f), grains with high density of 
misorientations are not necessarily those have the most subgrains. Interestingly, the 
cluster of high stored energy grains appears to overlap with the region of most severe 
intergranular corrosion. As shown in Figure 7.16 (a) and Figure 7.16 (e), grain A of 
the brightest colour is half enclosed by corroded grain boundaries. Grain B with a 
relatively bright colour exhibits dissolution in most of its boundary. In contrast, grain 
boundary attack is not evident around grain C, which is close to the severe corroded 
region and of relatively dark colour. So it is suggested that there is a relationship 
between local grain stored energy and the susceptibility of AA2024-T3 alloy to 
intergranular corrosion. 
 
7.4 Widening of grain boundary attack 
 
Figures 7.17 (a)-(b) display scanning electron micrographs of AA2024 alloy after 
immersion in 1.5 M NaCl solution for 5 days, revealing a severe localized corrosion 
site covered by corrosion product. The corrosion affected region is circular in shape, 
with diameter of ~ 700 μm. Pits are evident in the centre of the corrosion site. 
 
Cross-sectional SEM examination of the corrosion site is shown in Figures 7.17 (c)-
(d). The sectioning direction is indicated by line A-A in Figure 7.17 (a). It is evident 
that the region of sub-surface attack can be divided into two parts. The upper part is 
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located from alloy surface to 80 µm deep in the alloy with a relatively open 
connection to testing solution. In this part, grain boundary attack is obvious although 
grain etch-out is the major feature. From 80 µm to 170 µm deep is the lower part of 
sub-surface attack. Intergranular corrosion is the major feature in this part, with 
maximum penetration depth of 170 µm. Interestingly, unlike intergranular corrosion 
events shown previously, the path of intergranular corrosion appears widened. No 
sharply attacked grain boundary is evident underneath widened intergranular 
corrosion paths. Framed regions in Figure 7.17 (c) are examined at increased 
magnification, as shown in Figures 7.17 (e)-(f), indicating the intergranular corrosion 
front is free of corrosion product. In fact, little corrosion product is found in the whole 
sub-surface attack region. 
 
Figure 7.18 shows cross-sectional SEM examination of further AA2024-T3 alloy after 
immersion in 1.5 M NaCl (H2O2) solution for 3 hours. Sub-surface attack is again 
comprised of a pit with broad opening and a few widened intergranular corrosion 
paths. Sharp grain boundary attack is absent. Nevertheless, unlike the corrosion site in 
Figure 7.17 where two parts of the sub-surface attack region have similar depth, the 
part with intergranular corrosion is smaller than the other part in Figure 7.18 (a). Also, 
no corrosion product is evident at intergranular corrosion front from Figure 7.18 (b).  
 
A heavy intergranular corrosion region is examined by TEM, as shown in Figure 7.19. 
The grain boundary is indicated by the arrow a-b and c-d in Figure 7.19 (a). It is 
obvious that grain boundary attack mainly develops into grain A with little damage 
found in Grain B. The framed area, including the intergranular corrosion front, is 
examined at increased magnification and displayed in Figure 7.19 (b). It is confirmed 
that the corroded region is restricted to upper side of the grain boundary. Interestingly, 
the boundary between corroded region and un-attacked matrix exhibits a 90° angle 
when the direction of corrosion propagation is changed, as indicated by the labels. 
Such crystallographic feature can also be found in the low magnification images in 
Figure 7.19 (a) as indicated by the labels. Also, the left part of the grain boundary is 
parallel with but not overlapped with the extension of the right part grain boundary. 
The position shifting is supposed to happen in the middle of the image. It appears that 
this is also the position where corrosion into grain A initiates from. Apart from 90° 
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angle crystallographic corrosion features, holes are also found as a type of corrosion 
morphology. These holes are supposed to be the early stage of crystallographic 
corrosion. 
 
7.5 Discussion 
7.5.1 Initiation and back-to-surface development of intergranular corrosion 
 
Plan-view and cross-sectional scanning electron microscopy of AA2024 alloy has 
indicated the presence of intergranular corrosion at continuous localized corrosion 
sites after immersion in NaCl solution, as shown in Section 6.2. However, 
propagation mechanism of continuous localized corrosion is still not clear from single 
sectional SEM examination. X-ray microtomography was employed to provide 3D 
volumetric information around the corrosion site. As shown in Figure 7.2, 
intergranular corrosion initiated from the bottom of a cluster of dealloyed S-phase and 
θ-phase intermetallic particles and penetrated back to the alloy surface. Such fashion 
of IGC development is further confirmed by the fact that surface grain boundaries are 
attacked even under the protection of lacquer (Figure 7.3). The dissolved grain 
boundaries are supposed to have propagated from a continuous corrosion site in the 
non-lacquer covered region. Anodic polarization of the aluminium alloy showed that 
the significant increase of anodic current is associated with appearing of intergranular 
corrosion. Although localized corrosion events started from dealloying of clustered 
intermetallic particles, it is by intergranular propagation that such events continuously 
developed. Grain boundary attack served as a later phase of continuous localized 
corrosion.  
 
Traditionally, initiation of pitting and initiation of intergranular corrosion have been 
considered to be induced by the same mechanism: break-down of air-formed 
aluminium oxide layer on aluminium surface. If intermetallic particles are present 
along the grain boundary, increased amount of defects in air-formed aluminium oxide 
film is expected around the grain boundary region [94]. Then degradation of the 
protective layer happens preferentially at grain boundary, leading to intergranular 
corrosion. Regarding the initiation sequence of pitting and IGC, Zhang and Frankel 
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[94] reported that the anodic polarization curve of AA2024-T3 alloy exhibited two 
break-down potentials. The more active one was related to transient dissolution of S-
phase particles while the noble one resulted from primarily from initiation and growth 
of IGC. However, what stated above is not true in the present case. Intergranular 
corrosion initiated from sub-surface region of the alloy and required the presence of a 
cluster of dealloyed S-phase particles beneath the alloy surface.  
 
Actually, Burleigh and co-workers [97] found that intergranular attack in AA2024 
alloy is dependant on the presence of the acidic environment. In the present case, 
AA2024 alloy is immersed in NaCl aqueous solution. The pH of the solution is 
supposed to be around 7. Grain boundary attack can not initiate from the alloy surface 
due to an insufficient acidity at the beginning of immersion. However, due to a rapid 
dissolution of aluminium matrix and hydrolysis of Al
3+
 species, acidified electrolyte 
forms at corrosion front, specifically the bottom of a cluster of S-phase and θ-phase 
intermetallic particles after the intermetallic particles dealloyed. Such acidified 
environment allows intergranular corrosion to initiate. Also, in a continuous localized 
corrosion site, the cluster of S-phase and θ-phase intermetallic particles has a large 
portion buried beneath the alloy surface. Such microstructure with relatively restricted 
opening to testing solution traps corrosive acidified anolyte at corrosion front. A 
stably maintained corrosive environment is favourable for further intergranular 
corrosion propagation. As shown previously, the intergranular corrosion develops not 
only into a deeper region of bulk alloy but also emerged back to alloy surface. The 
initiation step of grain boundary dissolution mainly relies on formation of a stably 
sustained acidified environment.  
 
7.5.2 Effect of grain boundary precipitates on intergranular corrosion 
 
Section 7.5.1 discussed the external conditions for preferential attack along grain 
boundaries in AA2024 alloy: acidified environment trapped at the bottom of a cluster 
of dealloyed intermetallic particles. Yet to be answered is the internal conditions that 
result in the susceptibility of the alloy to intergranular corrosion.  
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As reviewed in Section 2.2.5 (2), intergranular corrosion of high strength aluminium 
alloys is often attributed to compositionally different features at the grain boundary 
due mainly to anodic dissolution of (i) the precipitation free zone where noble 
alloying elements such as copper are depleted [92, 93, 95, 97-102], (ii) anodic second 
phase precipitates at the grain boundary, or (iii) grain boundary with segregated 
alloying elements, such as magnesium, or impurity elements [90, 91]. For example, 
numerous previous studies have suggested that in AA2024 aluminium alloy, when 
copper-rich precipitates (CuAl2) formed at grain boundaries, copper-depleted regions 
develop adjacent to the boundaries, which are anodic with respect to copper-rich grain 
boundaries and the grain matrix. The IGC in AA2024 aluminium alloy is thus micro-
galvanic corrosion of copper-depleted regions driven by cathodic areas of copper-rich 
grain boundaries and grain matrix [93, 94]. Further, when S-phase (CuMgAl2) 
particles are preferentially precipitated at grain boundaries, due to their anodic nature 
with respect to the adjacent grain matrix, preferential dissolution of S- phase is also 
expected. 
 
The distribution of grain boundary precipitates in AA2024-T3 aluminium alloy has 
been discussed in Section 4.2 and 4.4.3. They are all θ-phase, falling into three 
categories, i.e. fine needle-like precipitates with diameter of 5 nm and length of ~ 100 
nm, medium-size needle-like precipitates with diameter of 12 nm and length of 200 
nm, relatively large dispersoid-related precipitates. 
 
The fine and medium-size needle-like precipitates may not be detected by a SEM due 
to the limited resolution. The relatively large dispersoid-related precipitates account 
for a small portion of grain boundary precipitates. Precise examination of grain 
boundary precipitates at the intergranular corrosion front relies on transmission 
electron microscopy. As discussed in Section 7.2.1, only a small portion of grain 
boundaries are decorated with precipitates. Figures 7.5-7.8 show that the intact grain 
boundaries ahead of IGC filaments is decorated with fine needle-like precipitates, 
medium-size needle-like precipitates or no precipitate at all. Further, decreased copper 
yield is not evident at the interface between copper-rich grain boundary precipitate 
and aluminium matrix, eliminating the possibility of copper-depleted zone (Figure 7.6 
(f)). 
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A controversial issue is if S-phase precipitates are present along grain boundary, 
which would actually make it easy to attribute the IGC susceptibility of AA2024 alloy 
to the anodic dissolution of S-phase. However, the presence of S-phase at grain 
boundary can be eliminated since constant magnesium yields in the EDX line profile 
across the precipitates were recorded. In addition, other negative evidence is that the 
attack grain boundary region is not knife-edge sharp, indicating dissolution of region 
close to grain boundary instead of grain boundary itself.  
 
Thus, the susceptibility of AA2024 alloy to intergranular corrosion is not solely 
determined by microgalvanic coupling, either between cathodic grain boundary 
precipitates and copper-depleted zone, or between anodic grain boundary precipitates 
and grain body. 
 
With limited Al2CuMg precipitate found in the alloy matrix, grain body is supposed to 
be rich in magnesium. Aluminium and magnesium were dissolved from grain matrix 
during intergranular attack. Due to its relatively high Gibb‟s free energy, it is more 
difficult for copper to be oxidized than aluminium magnesium and, therefore, 
enriched at the interface. TEM examination of IGC filaments shows copper 
enrichment present between the intact matrix and the corrosion products (Figures 7.6 
and 7.9). When grain boundary attack propagated, copper accumulated at the 
corrosion front before certain concentration was reached and oxidation of copper 
occurred. Copper element was dissolved into solution as cupric / cuprous ions. As 
shown in Figures 7.6 and 7.10, copper can also be released from the enrichment band 
in forms of copper-rich particles. Uneven dissolution of aluminium in different 
positions at corrosion front results in rough arrangement of the band and gives rise to 
copper ridges at some points. When the ridges becomes sufficiently protruding, 
aluminium dissolution on the two sides of the ridge joins together, leaving behind the 
top part of copper ridge. In such ways, copper particles are released into corrosion 
products.  
 
The copper enrichment band and free nano copper particles (if in contact with the 
alloy matrix) are likely to act as local cathode to support oxygen / H
+
 reductions and 
balance anodic dissolution of aluminium. 
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7.5.3 Wide intergranular corrosion filaments 
 
The width of intergranular corrosion filaments was examined in the present study. 
Two windows are found in the width distribution, with one ranging from tens of 
nanometre up to 350 nm and the other between 2 µm to 3 µm. IGC filaments with 
their width falling in the former category are termed as narrow filament and those 
with their size in the latter range is termed as wide filament. Wide IGC filaments have 
a much smaller population than narrow filaments. 
 
The formation mechanism of wide IGC filaments still cannot be answered precisely. 
However, results from the present study indicate they might have been induced by 
micro galvanic cell formed at the grain boundaries. As shown in Figure 7.10 (c), 
dispersoids are evident in front of wide IGC filaments. A micro electrochemical cell 
would have formed between the composite of dispersoid / θ-phase precipitate and 
surrounding matrix when they had been exposed to corrosive environment. The Mn-
rich dispersoid and Cu-containing precipitate had served as local cathodes to drive 
anodic oxidation of aluminium. Compared with grain boundary precipitates in the 
other two presence forms, they are coarser in size. Therefore they had capably 
supported cathodic reactions, prompting a wider anodic oxidation region. But, since 
their population is relatively small, wide IGC filament is only found in rare cases. 
 
Sudden change of filament width along the same grain boundary was also found. This 
can be explained by co-operation of two intergranular corrosion mechanisms. IGC 
induced by dispersoid / precipitate and IGC induced by high grain stored energy 
dominate two parts of one grain boundary, leading to different amount of aluminium 
loss. Further evidence is needed to prove the above speculation. 
 
Two issues related to the above phenomenon need to be cleared here. 1. The sudden 
switch in the width of IGC filaments was also found from plan-view SEM 
examination. So the phenomenon cannot be attributed to widening effect in post-
corrosion filament formation period. 2. As detailed in the following section, 
intergranular corrosion may propagate into the grain on only one side of the boundary 
or the grains on both sides of the boundary. It depends on the stored energy of grains. 
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Obviously, it is easy to imagine that when grain body on only one side of the 
boundary is eaten, the corrosion filament appears narrower than the situation where 
the two neighbour grains are eaten by the corrosion path. However, this cannot 
explain the width variation of intergranular corrosion filaments here. Firstly, the width 
of wide filaments is more than double of that of narrow filaments but about 10 times 
bigger. Secondly, from SEM and TEM examination, it is clearly revealed that in both 
narrow and wide filament situation, the grains on both sides of the boundary are eaten, 
resulting in symmetric microstructure in the corrosion front. 
 
7.5.4 Effect grain stored energy on intergranular corrosion 
 
It has been addressed in Section 4.3.2 that grain stored energy is determined by the 
average density of dislocation (the number of dislocations in unit area) within a single 
grain. The level of grain stored energy is reflected by the grey scale level in EBSD 
maps. Brighter region represents relatively higher grain stored energy level, 
corresponding to higher average density of dislocation. Lower grain stored energy 
level is expected in a darker region, corresponding to lower average density of 
dislocation. Variation of stored energy, or variation of misorientation density, 
between different grains is revealed across the alloy surface by EBSD mapping.  
 
As mentioned in Section 4.4.4, the strain in each grain may have been firstly 
introduced by quenching of the alloy after solution heat treatment. Then the 
aluminium sheet is also stretched to certain amount of deformation to introduce 
mechanical strengthening effect, which further increases the amount of dislocations in 
grains. In both quenching and sheet stretching, grains go through dimension change 
and rotation. Certain grains with complicated shape may have a difficulty in changing 
dimension and orientation. More dislocations are generated in such grains, resulting in 
a higher stored energy.  
 
TEM examination indicated that, in the propagation of intergranular corrosion, 
cathodic θ-phase grain boundary precipitates and copper enrichment band supported 
reduction of H
+
 / O2. However, to build up an effective micro electrochemical cell at 
intergranular corrosion front, fast anodic reaction of aluminium losing electrons is 
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also crucial. From the EBSD examination of intergranularly attacked region (Figure 
7.16), most of the corrosion affected grains have a relatively higher stored energy than 
the less attacked area. As confirmed by TEM examination (Figures 7.6-7.8), the 
intergranular corrosion filaments developed into grains rather than just the interface 
between two grains, indicating dependency on the nature of grain matrix. 
 
Mechanical deformation introduces dislocations in the alloy matrix. From a 
microstructural view, grains with high density of dislocations are more reactive than 
those with low density of dislocations. Grain boundary region around grains with high 
stored energy are supposed to have a higher reactivity and more susceptible to 
corrosion. During the development of intergranular corrosion, they served as effective 
anodes and were preferentially attacked. Also, dislocations can be further released 
from high stored energy grains if space is achieved at grain boundary, leading to 
further reduction in grain stored energy. 
 
Grain stored energy also caused the selective development of intergranular corrosion 
into grains. Corrosion developed into the neighbour grains if high stored energy exists 
in both of them. When a grain with relatively high susceptibility and the other with 
relatively low susceptibility meet together, only the former suffered grain dissolution, 
resulting in that intergranular corrosion developed into one side of the boundary. 
Transmission electron micrograph of Figure 7.8 showed clearly that only the grain on 
one side of the boundary exhibits corrosion, with aluminium matrix on the other side 
not affected. 
 
7.5.5 Widening of grain boundary attack 
 
As shown in Figures 7.17-7.18, the path of intergranular corrosion was widened in 
AA2024 alloy after immersion in 1.5 M NaCl solution for 5 days or in 1.5 M NaCl 
(H2O2) solution for 3 hours. Larsen and co-workers [146] also found that IGC 
filaments in AA6xxx alloys are widened by anodic dissolution of grain walls if 
immersion time is prolonged. It is considered as a complementary reaction to 
oxidation of aluminium at intergranular corrosion front. Corrosion of grain bodies is 
supported by reductions of O2 / H3O
+
 on coarse intermetallic particles on the alloy 
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surface. Results from the present study generally support the idea proposed by Larsen 
and co-workers. Nonetheless, some details are added.  
 
1. Cathodic intermetallic particles are available in AA2024 alloy. Based on the 
evidence in Section 4.1-4.2, two types of local cathode are present in the alloy 
during localized corrosion. Firstly, θ-phase precipitates decorating grain 
boundaries act as internal cathode for localized corrosion. Grain boundary 
precipitates fall out from grain boundary wall after corrosion of their periphery 
region. They are not supposed to be effective in widening of IGC filaments. 
Secondly, coarse Al-Cu-Fe-Mn-(Si) particles, θ-phase particles and dealloyed S-
phase particles on the alloy surface serve as external cathode in localized 
corrosion of AA2024 alloy. They have a relatively inert nature in NaCl solution, 
surviving as intact particles for a relatively long period during corrosion testing. 
By effectively supporting O2 and / or H
+
 reduction, they provide sufficient 
electrochemical driving force for anodic dissolution of aluminium. Also, as shown 
in Section 5.3, copper re-deposited back to the alloy surface, preferentially on α-
phase, θ-phase and dealloyed S-phase particles, as nano particles from the testing 
solution. Deposited copper particles have a high surface area / volume ratio, which 
is favourable for supporting reduction reaction. The deposits are supposed to add 
up to the efficiency of cathodic reactions. So external cathodes can cause 
widening of intergranular corrosion filaments. 
 
2. Widening of IGC filaments, leading to dissolution of grains, occurs in two 
circumstances. In most of cases, IGC filaments are decorated with a copper 
enrichment band at the interface between the corrosion product and the intact 
grain wall. The enrichment band supports reduction reactions as local cathode, 
protecting the grain from further corrosion. However, a grain is isolated from the 
bulk alloy after all the grain boundaries surrounding it have been attacked. Then, 
the grain is corroded with copper deposition left. The voids and copper deposition 
left by corroded grains can be seen in the upper part of the sub-surface attack in 
Figure 7.17 (d). In a few cases, copper enrichment band is absent around the IGC 
filament although the reason is still not clear. Corrosion develops into the grain 
wall by crystallographic dissolution of aluminium matrix, as shown in Figure 7.19. 
Numerous facets were formed in a 90° position with each other. 
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Sufficient widening of IGC filaments results in etch-out of grain bodies. The upper 
part of sub-surface attack with relatively open connection to testing solution appeared 
as a pit in Figure 7.17. This explains the fact that large-size pits are usually observed 
by top-view microscopical examination of AA2024 alloy surface after corrosion 
testing. In contrast, IGC filaments in the lower part were relatively less affected by 
widening effect. The shape of IGC filaments is still kept. However, given sufficient 
immersion, the whole sub-surface attack region would appear as a pit. This is proved 
by the specimen after immersion in 1.5 M NaCl (H2O2) solution for 3 hours, as shown 
in Figure 7.18. 
 
Also, in the two examples shown in Figures 7.17-7.18, no corrosion product is evident 
at intergranular corrosion front throughout the attack region. This can be related to 
intergranular corrosion filament widening effect. During filament widening, cathodic 
intermetallic particles in alloy surface are spatially separated from dissolving grain 
bodies which are anode. Thus, OH
-
 species generated at sites such as Al-Cu-Fe-Mn-
(Si) particles and Al
3+
 species generated at grain walls do not form any form 
aluminium oxide until they meet in bulk NaCl solution as a result of sufficient 
migration from local anodic sites and local cathodic sites. 
 
In contrast with the presence of widened IGC filaments, sharply attacked grain 
boundary is absent in the cross-section. It suggests that the development of 
intergranular corrosion is restricted to certain depth into the bulk alloy. Grain 
boundary attack ceased after it reached the maximum depth. Otherwise, new sharp 
grain boundary attack is supposed to have developed at the same time with widening 
of old intergranular corrosion path and would have been observed. Thus, widening of 
intergranular corrosion paths succeed intergranular corrosion as a latter phase in the 
propagation of localized corrosion.  
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7.6 Summary 
 
1. 3D volumetric imaging of the localized corrosion site was obtained by X-ray 
microtomography. It showed intergranular corrosion initiated from the bottom of a 
cluster of dealloyed S-phase and θ-phase particles. Afterwards, intergranular 
corrosion could propagate back to the alloy surface away from the corrosion 
initiation site. 
2. TEM examination showed that there was little dependency of corrosion 
propagation on grain boundary θ-phase precipitates.  
3. Within an intergranular corrosion filament, copper enrichment band, 2-3 nm in 
thickness, formed at the interface between the corrosion product and the alloy 
matrix due to relatively positive Gibbs free energy for the formation of copper 
oxide compared with that for alumina. Copper enrichment band acted as local 
cathode in the microgalvanic coupling at intergranular corrosion front. 
4. Nano-scale copper particles, less than 5 nm in diameter, were evident in the 
intergranular corrosion filament. Uneven dissolution of aluminium in different 
positions at corrosion front resulted in rough arrangement of the copper band and 
gave rise to copper ridges at some points. The top parts of the copper ridge were 
released into corrosion products as copper particles. 
5. EBSD examination of intergranular corrosion region showed both high angle and 
low angle grain boundaries were corroded with no dependency on grain boundary 
misorientation. Also, no particular relationship could be found between 
intergranular corrosion resistance and grain boundary energy. 
6. It was revealed that intergranular attack occurred at the grain boundaries that 
surround grains of relatively high stored energy.   
7. Corrosion was not confined within the region immediately adjacent to the grain 
boundaries, but had developed into the grains of relatively high stored energy, 
suggesting that grains with relatively high levels of defects are more susceptible to 
corrosion. 
8. Given sufficient immersion time, dissolution of grain bodies occurred at an 
intergranular corrosion site, resulting in widening of intergranular corrosion 
filaments. Such process was thought to be supported by external cathode. 
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9. Acidified environment formed at the bottom of a cluster of dealloyed intermetallic 
particles, grain boundary θ-phase precipitation, and a cluster of grains with high 
stored energy are the necessary condition for the development of intergranular 
corrosion in the AA2024-T3 aluminium alloy. 
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Figure 7.1 Voltage – Current density curves of anodic polarization of AA2024-T3 
aluminium alloy in 0.5 M NaCl solution and scanning electron micrographs of the 
alloy after polarizations: (a)-(b) from OCP to break-down potential; (c)-(d) from OCP 
to -300 mVSCE; and (e)-(f) from OCP to before break-down potential. 
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Figure 7.2 X-ray tomographic micrograph of a continuous localized corrosion site in 
AA2024-T3 aluminium alloy, showing the preferential attack along grain boundary. 
 175 
 
 
 
Figure 7.3 Scanning electron micrographs of a continuous localized corrosion site (24 
hours immersion in 0.5 M NaCl solution) close to lacquer covered region. 
 
 
 176 
 
Figure 7. 4 Scanning electron micrographs of localized corrosion sites in AA2024-T3 alloy after immersion in 1.5 M NaCl (H2O2) solution for 1 
hour.
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Figure 7.5 Scanning electron micrographs of an intergranular corrosion site in AA2024-T3 aluminium alloy after immersion in 1.5 M NaCl 
(H2O2) solution for 1 hour. 
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Figure 7.6 Transmission electron micrographs of an intergranular corrosion site in 
AA2024-T3 alloy after immersion in 1.5 M NaCl (H2O2) solution for 1.5 hours: (a) 
general view; (b) bright field image at increased magnification; and (c) dark field 
image at increased magnification.
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(Continued) Figure 7.6 Transmission electron micrographs of an intergranular 
corrosion site in AA2024-T3 aluminium alloy after immersion in 1.5 M NaCl (H2O2) 
solution for 1.5 hours, indicating the presence of grain boundary precipitates: (d) 
bright field image; (e) dark field image; and (f) EDX line scan of copper. 
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(Continued) Figure 7.6 Transmission electron micrographs of an intergranular 
corrosion site in AA2024-T3 aluminium alloy after immersion in 1.5 M NaCl (H2O2) 
solution for 1.5 hours, indicating re-distribution of copper: (g) dark field; (h) bright 
field; and (i) EDX spectrum at position A.
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Figure 7.7 Transmission electron micrographs of an intergranular corrosion site: (a) 
general view; and (b) the framed area at increased magnification. 
 
 
Figure 7.8 Transmission electron micrograph of an intergranular corrosion site in 
AA2024-T3 alloy after immersion in 1.5 M NaCl (H2O2) solution for 2.5 hours. 
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Figure 7.9 Transmission electron micrographs and EELS maps of an intergranular 
corrosion site after 1.5 hours in 1.5 M NaCl (H2O2) solution: (a) BF general view; (b) 
BF image at increased magnification, (c) aluminium map; (d) chloride map; and (e) 
oxygen map. 
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(Continued) Figure 7.9 Transmission electron micrographs and EELS maps of an 
intergranular corrosion site after 1.5 hours in 1.5 M NaCl (H2O2) solution: (f) DF 
image; and (g) EDX line scan. 
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Figure 7.10 Scanning electron micrographs of an intergranular corrosion site in 
AA2024 alloy after immersion in 0.5 M NaCl solution for 72 hours: (a) general view; 
(b) switching from wide to narrow IGC filament; (c)-(d) wide IGC filaments at 
increased magnification; and (e) a narrow IGC filament at increased magnification.
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Figure 7.11 Scanning electron micrographs and EBSD maps of a continuous localized corrosion site after immersion in 0.5 
M NaCl (H2O2) solution for 18 hours: (a) BSE image; (b) SE image; (c) grain orientation map in Euler‟s colour; and (d) 
grain orientation map in grey scale. 
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Figure 7.12 Histograms of grain boundary misorientation in AA2024-T3 aluminium alloy from: (a) general longitudinal section; and (b) 
intergranular corrosion region.
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Figure 7.13 Scanning electron micrograph and EBSD maps of the cross-section of a 
continuous localized corrosion site (immersion in 1.5 M NaCl solution for 1.5 hours): 
(a) BSE image; (b) grain orientation map in Euler‟s colour; and (c) band contrast map 
in grey scale. 
 
Figure 7.14 Histograms of grain boundary misorientation in AA2024-T3 aluminium 
alloy: (a) from general long transverse section; and (b) from intergranular corrosion 
region. 
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Figure 7.15 (a) Histogram of frequency vs. grain boundary Σ number from 
intergranular corrosion region in AA2024-T3 alloy; and (b) diagram of grain 
boundary energy based on CSL theory vs. grain boundary Σ number with 
misorientation angle labelled below [145]. 
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Figure 7.16 Scanning electron micrographs and EBSD maps of AA2024-T3 alloy after immersion in 0.5 M NaCl solution for 18 hours: (a) SE 
image; (b) band contrast map in grey scale; (c) sub-grain orientation map in random colours; (d) sub-grain orientation map in grew scale; (e) 
grain stored energy map in grew scale; and (f) misorientation map. 
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Figure 7.17 Scanning electron micrographs of AA2024 alloy after immersion in 1.5 M NaCl solution for 5 days: (a) plan view SE image; (b) 
plan view BSE image; (c) cross-sectional SE image; and (d) cross-sectional BSE image. 
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(Continued) Figure 7.17 Framed regions in Figure 7.17 (d): (e) region 1, SE image; (f) region 1, BSE image; (g) region 2, SE image; and (h) 
region 2, BSE image.
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Figure 7.18 Scanning electron micrographs of AA2024-T3 aluminium alloy after 
immersion in 1.5 M NaCl (H2O2) solution for 3 hours, showing maximum penetration 
depth of intergranular corrosion: (a) general view; and (b) at increased magnification. 
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Figure 7. 19 Transmission electron micrographs of a grain boundary attack site in 
AA2024 aluminium alloy after immersion in 1.5 M NaCl (H2O2) solution for 4.5 
hours: (a) general view; and (b) at increased magnification. 
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Chapter 8 Conclusions and Suggestions for Future Work 
 
8.1 Corrosion behaviour of constituent intermetallic particles 
 
Three intermetallic phases were identified in AA2024-T3 aluminium alloy, i.e. S-
phase (Al2CuMg), θ-phase (Al2Cu) and α-phase (Al-Cu-Fe-Mn-(Si)), accounting for 
48.72%, 15.38% and 35.90% of the population of intermetallic particles, respectively. 
S-phase particles exhibited preferential corrosion during immersion in NaCl solution 
compared with other two intermetallic phases.  
 
Al-Cu-Fe-Mn-(Si) particles have the second largest population. Dispersoid-free zone 
is absent in the surrounding area of the particles. Al-Cu-Fe-Mn-(Si) particles 
exhibited a relatively inert nature during corrosion testing. Trenching was found in the 
periphery of the particles but took longer time to initiate compared to S-phase 
dealloying. Such trenching of the aluminium matrix around the particles could lead to 
removal of the particles from the alloy surface. The attack was also restricted in the 
shallow near-surface region. 
 
The clusters of S-phase and θ-phase particles were formed interdendritically during 
the solidification. During corrosion testing, localized corrosion at a cluster of S-phase 
and θ-phase particles was mainly associated with S-phase particles. Trenching was 
also evident in the periphery of dealloyed S-phase particles. No dealloying in the 
neighbouring θ-phase particles was found. θ-phase particles and their periphery 
matrix were intact, indicating their relatively inert nature with respect to S-phase. Due 
to a large electrochemical potential difference between S-phase and θ-phase, the 
clusters of S-phase and θ-phase particles were subjected to the most severe corrosion 
and are the potential site for continuous localized corrosion. 
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8.2 Dealloying of S-phase particles 
 
S-phase particles maintained their shape after immersion in NaCl solution but with 
reduced size. There was profound decrease in magnesium content with relatively 
constant copper content after the testing. Dealloyed S-phase particles exhibited porous 
structure comprised of 5 – 20 nm large particles. Electron diffraction pattern of the 
dealloyed S-phase indicated a polycrystalline structure. The d-spacings measured 
from the diffraction pattern are consistent with body centred cubic copper. Aluminium 
matrix started to trench in the periphery of S-phase particles at the early stage of 
dealloying, much earlier than the particle was completely converted to a local cathode. 
 
8.3 Continuous / discontinuous localized corrosion 
 
Localized corrosion events were classified into two categories. Local sites where 
hydrogen gas evolution persisted during the course of corrosion testing represent 
continuous localized corrosion and the sites where gas evolution ceased during the 
course of testing represented discontinuous localized corrosion.  
 
A large cluster of S-phase and θ-phase intermetallic particles was buried beneath the 
alloy surface, and intersected the alloy surface at the position where the centre of a 
continuous localized corrosion site was located. Clustered S-phase and θ-phase 
particles with a small portion underneath the alloy surface were evident at 
discontinuous localized corrosion site. The cluster was exposed to testing solution and 
the matrix in the vicinity of intermetallic particles was also attacked. However, no 
penetration into the beneath-surface alloy matrix occurred.  
 
8.4 X-ray microtomography of intergranular corrosion 
 
Intergranular corrosion was evident around the continuous corrosion site. Corroded 
grain boundary served as connection between dealloyed intermetallic particle clusters. 
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3D volumetric imaging of the localized corrosion site was obtained by X-ray 
microtomography, showing that intergranular corrosion initiated from the bottom of a 
cluster of dealloyed S-phase and θ-phase particles. Intergranular corrosion could 
propagate back to the alloy surface away from the corrosion initiation site. 
 
8.5 Effect of grain boundary precipitates on intergranular corrosion 
 
θ-phase (I4/mcm, a=0.607 nm, c=0.487 nm) precipitates were revealed in three 
existence forms along the grain boundary in AA2024-T3 aluminium alloy: fine 
needle-like precipitates; medium-size needle-like precipitates; and relatively large 
dispersoid-related precipitates. The majority of the precipitates were fine needle-like 
precipitates. When the grain boundary plane is parallel with the electron beam, the 
projections of fine needle-like precipitates overlap with each other on the image plane, 
appearing as a continuous band.  
 
TEM examination showed that there was little dependency of corrosion propagation 
on grain boundary θ-phase precipitates. Within an intergranular corrosion filament, 
copper enrichment band, 2-3 nm in thickness, formed at the interface between the 
corrosion product and the alloy matrix due to relatively positive Gibbs free energy for 
the formation of copper oxide compared with that for alumina. Copper enrichment 
band acted as local cathode in the microgalvanic coupling at intergranular corrosion 
front. 
 
Nano-scale copper particles, less than 5 nm in diameter, were evident in the 
intergranular corrosion filament. Uneven dissolution of aluminium in different 
positions at corrosion front resulted in rough arrangement of the copper band and gave 
rise to copper ridges at some points. The top parts of the copper ridge were released 
into corrosion products as copper particles. 
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8.6 Effect of grain stored energy on intergranular corrosion 
 
Most of grain boundaries were high-angle grain boundaries in all the three sections 
(longitudinal section, long-transverse section and short-transverse section) of the cold-
rolled AA2024-T3 aluminium alloy. The alloy sheet exhibits the highest percentage of 
high-angle grain boundary in short-transverse section and the lowest percentage in 
longitudinal section. The histogram of distribution of the grain boundary 
misorientation in longitudinal section exhibited similar trend to the characteristic 
distribution of boundary misorientation in a completely randomly oriented set of 
grains for face centred cubic material. The highest distribution frequency of 
misorientation appeared between 40° and 50°. 
 
EBSD analysis of the intergranular corrosion regions showed that both high angle and 
low angle grain boundaries were corroded with no dependency on grain boundary 
misorientation. It was revealed that intergranular attack occurred at the grain 
boundaries that surround grains of relatively high stored energy. Corrosion was not 
confined within the region immediately adjacent to the grain boundaries, but had 
developed into the grains of relatively high stored energy, suggesting that grains with 
relatively high levels of defects are more susceptible to corrosion. 
 
8.7 Suggestions for future work 
 
Corrosion of AA2024-T3 aluminium alloy has been investigated from different 
approaches in the present study. The following are recommended for future work. 
 
1. Intermetallic particle cluster is crucial in initiation of localized corrosion. 2D 
examination of the cluster has been carried out extensively. However, a number of 
questions still remain, e.g. how S-phase particles or θ-phase particles connect with 
one another within a cluster to form 3D structure. So, further research can be 
focused on 3D imaging of clustered intermetallic particles.  
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2. Grain stored energy was used to explain the susceptibility of AA2024 alloy to 
intergranular corrosion. What has been proposed in the present study is that 
intergranular corrosion site is associated with grain stored energy. The other side 
of the same question is if a cluster of grains identified to have higher stored energy 
is truly more susceptible to intergranular corrosion than those with lower stored 
energy. It can be verified by the following steps. Prepare specimens by GEDOS 
which removes most of intermetallic particles from the alloy surface. Obtain 
stored energy map of the alloy surface before testing in NaCl solution. Then study 
the corrosion morphology of the mapped region to understand the relationship 
between the grain stored energy and the corrosion behaviour.  
 
3. 40 times objective lens was employed in the X-ray microtomography. The lens 
gives a maximum field of view of ~0.65 mm. The ideal specimen is a column with 
a diameter of 200-300 µm. Normally, the diameter of a commercial available 
match-stick specimen is ~ 500 µm. Mechanical polishing was used to reduce the 
size of specimens but the cross-section was irregular after polishing. In future, 
electropolishing can be employed to smoothen the surface of a mechanically 
polished specimen so that the cross-section of a metal stick is become more 
spherical after electropolishing. Then, better X-ray tomography can be expected. 
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